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Abstract

Aqueous zinc ion batteries have drawn great attention recently due to remarkable
properties compared with conventional batteries systems, which attains benefits from
the low-cost and ultra-safe aqueous electrolyte, and the stable metallic zinc anode.
However, cathode materials in aqueous zinc ion batteries still require a breakthrough
because of relatively slow kinetics and unstable microstructures for Zn*'
intercalation/extraction in aqueous zinc salt electrolyte compared with other metal ions
batteries. Therefore, this thesis targets on design and development of vanadium-based
cathodes and their derivatives to overcome the issues and bring a deep insight into the
energy storage mechanism. Step-by step investigations of novel cathode materials were
carried out to evaluate their physiochemical properties, electrochemical performance
and microstructures/chemical states evolutions upon charge/discharge process.
Moreover, Density functional theory (DFT) and 3D-tomorgraphy simulations were
adopted to elucidate specific characteristics of as-prepared cathode materials and their
corresponding electrodes. Finally, the as-fabricated zinc ion batteries exhibit
competitive performance in terms of high energy/power density and long cycling
stability compared with reported researches in this area. The details of the work was

summarized into three main aspects shown as follows:

1) Vanadium oxides cathodes are widely utilized as electrode materials in
batteries system because of active redox species and various accessible
microstructures for ions accommodation. However, conventional vanadium
oxides still suffer from poor conductivity, irreversible phase transformation,
structure collapse and confined ion migrations channels as cathode in
aqueous zinc 1ion batteries, which results in unfavourable battery
performance in previous reported works. Therefore, as vanadium pentoxide
analogues, hydrated vanadium bronzes stepped into the spotlight recently
because of their special two dimensional microstructures consisting of V205
matrix, pre-intercalated ions and/or water molecules accommodated within
the layer space, which effectively overcome the issues. Here, an
investigations of hydrated vanadium bronzes, 6-Nig25V20snH20 /
Co0025V205nH20O , was carried to uncover the reaction mechanism and
beneficial effects derived from pre-intercalated species. Moreover, different

electrochemical behaviours between nickel vanadium bronze and cobalt
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vanadium bronze were discussed with a verdict of an importance of
choosing competent pre-intercalated species for aqueous zinc ion batteries
applications. Rational designed cathode electrode prepared by porous o-
Nio.25V205n1H>O micro-ribbons delivered a specific capacity of 402 mAh
g ! at current density of 0.2 A g ! and a capacity retention of 98% over 1200
cycles at 5 A g !, which achieved the uppermost performance compared with
the literature. Meanwhile, a versatile design principle for novel vanadium

bronzes was suggested for high performance energy storage materials.

Vanadium bronzes cathode materials have exhibited promising capability in
aqueous zinc ion batteries. However, researches on improving as-developed
vanadium bronzes are rare, which inevitably hinder their practical
applications such as grid-scale energy storage system and portable devices.
Therefore, higher power/energy density and cycling stability are eagerly
needed for such purposes. In this work, a two-pronged approach of oxygen
deficiency enriched and water-lubricated ammonium vanadium bronze
(NH4V4010) cathodes for high performance aqueous zinc ion batteries was
exploited by tailored synthetic protocol consisting of induced defects and
interlayer-spacing engineering. In particular, the conventional phase of
NH4V4010 were demonstrated as an adequate Zn>" storage/extraction host
with active redox sites in “double-layer” motif of VOx polyhedra and the
introducing hydrogen-bonded NH4" as the “pillar”. Oxygen deficiency and
lattice water were successfully introduced into NH4V4Oi9, which
demonstrated significantly improved Zn?" storage properties, such as
enhanced specific capacity of 435 mAh g' at 0.2 A g! and improved
stability (negligible capacity decay after 1500 cycles at 10 A g'!). Combined
with widely recognized beneficial pre-intercalated species of water and
NH4", the as-developed oxygen deficient NH4V4O1 illustrated a universal
strategy for the design of superior vanadium bronze cathodes in aqueous
zinc ion batteries and their broader sphere of applications in other types of
aqueous metal-ion batteries.

Prussian blue analogues have been successfully adopted as cathodes
materials for aqueous zinc ion batteries with relatively high discharge

plateau, but they are limited by extremely low specific capacity (<70 mAh
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gl) and poor cycling stability (self-dissolution in aqueous electrolyte).
Moreover, conventional Prussian blue analogues consist of two metal ions
coordinated with a cyanide group, which exhibits a rigid cubic crystal
structure. The limited tunnel size and artificially introduced defects give rise
to unstable electrochemical reactions and slow ion diffusion coefficient
upon Zn?* insertion/extraction. Therefore, a new Prussian blue analogues,
vanadyl hexacyanoferrate and its defected analogue were proposed in this
work. The resulting superb battery performance caused by an unique crystal
structure, in which, the oxycation (vanadyl) occupy the ligand of
[Fe(CN)s]* generating similar cubic crystallography with spontaneously
stable vacancy on its facets. Additionally, highly active vanadyl redox
reaction between 3" to 5" and iron cyanide group contribute to a record-high
specific capacity of 226 mAh g at current density of 0.2 A g. Meanwhile,
a hydrogel shield strategy was carried out to enhance the stability of the
materials which exhibit extraordinarily long-cycling capability and
optimized Kkinetics due to stabilization from surface anchoring
polymerization, interfacial hydroxylation and accessible ion channels within
the hydrogel. Furthermore, the as-obtained vanadyl hexacyanoferrate was
assembled into a flexible quasi-solid state device with superior performance
and robust durability under multiple mechanical measurements,

demonstrating a promising potential for practical applications.



Impact Statement

This PhD project targets on developing and investigating vanadium-based cathode
materials to boost aqueous zinc ion batteries performance. The impact and highlights

in this thesis were summarized as below:

1) In the first study, multi-scale characterizations were employed to investigate
physiochemical properties and electrochemical performance of two novel vanadium
bronzes as cathode materials for aqueous zinc ion batteries. More specifically, structure
evolutions and chemical environment changes were discussed in detail to verify an
unusual reaction behaviour of each vanadium bronzes with Zn?". The concluded
achievements in this research are listed as follows:

o [t first demonstrates that there are many wrong claims in previous reported works
on crystal structures of vanadium bronzes for aqueous zinc ion batteries since an
inaccurate 8-V20s framework (should be 6-V20s in fact) was considered as their
crystal phase for further analysis. Therefore, through meticulous investigations, we
clarified the crystal phase variations between 6-vanadium bronzes (this work) and
c-vanadium bronzes (majority reported cathode materials). Moreover, varied subtle
coordination between “double layer” VOx polyhedron slabs and pre-intercalated
ions such as Ca®*, Zn**, Mg*" and Ni?>"Co?" were clearly illustrated, which offer a
conception of optimal selectivity within varied vanadium bronzes as promising

cathode materials.

¢ In addition to comparison of reported 8-/ o- pre-intercalated vanadium bronzes, it
was expected to understand battery performance variations between Ni and Co ions
pre-accommodated vanadium bronzes because of the comparable microstructures.
Therefore, control group samples of 3-Nig25V20snH20 / Coo25V205nH20 were
designed for this purpose and their divergent electrochemical behaviours were
successfully evaluated by multiple ex-situ characterizations. Through
comprehensive studies, it is the first time to reveal the importance of choosing pre-
intercalated ions in vanadium bronzes even though a same coordination between
pre-intercalated ions and host framework was observed in atomic level of

microstructures.



e Moreover, the outstanding performance of vanadium bronzes is also validated in a
diverse control group of samples (6-Nio.25V2051nH20/C00.25V205n1H2O and
V307H20), where V307.H,O was fabricated using the same recipe but without
adding transition metal precursors during the preparation process. Interestingly, it
possessed same layered vanadyl polyhedron motif compared with the adopted o-
vanadium bronzes in this work. The corresponding results successfully indicate
beneficial effects of pre-intercalated ions for stabilizing microstructures and

enhancing electrochemical reaction capabilities upon Zn** (de)intercalation.

e The 6-Nio.25V2051nH2O//Zn batteries showed remarkable specific capacity of 402
mAh g ! at 0.2 A g'! and a capacity retention of 98% over 1200 cycles at 5 A g !
which are superior than other control group samples and reported works. DFT
simulations and 3D tomography indicate potential accommodation sites and
migration channels for Zn*" and facilitated electrode configuration of as-fabricated
cathode materials printed on porous hydrophilic carbon paper, thus opening up an

avenue for material design of vanadium bronzes and its practical applications.

(2) The second study proposed a feasible method on structural engineering of
ammonium vanadium bronzes (NH4V4O10), in terms of constructing expanded
interlayer spacing by introduced water molecule and oxygen vacancy defects. Through
rational design of reduction reagent proportion and addition of NH4F in the precursor,
the resulting defected NH4V4O010nH>O presented optimized capacitive energy storage
characteristic and a faster ionic diffusion coefficient compared with pristine NH4V4Ono.
Consequently, the corresponding battery performance of defected NH4V4O10nH>O
exhibited a high capacity of 435 mA h g ! at a current density of 0.2 A g ! and excellent
stability with 95% capacity retention after 1500 cycles at 10 A g '. Meanwhile,
extraordinary rate performance of 43% capacity retention after a 28-fold increase of
current density (from 0.2 to 14 A g') was achieved compared with only 19% in
untreated NH4V4O10 with identical conditions. The variation of microstructures,
chemical states and electrochemical properties are critically analysed to present a
comprehensive understanding of zinc storage mechanism. The impact and highlights of
the outcomes are shown as follows:
e The preparation strategy for structural engineered NH4V4O10 was realized via a
single step hydrothermal reaction with slight modification of the original recipe for

pristine NH4V4Oio. It was seen that the systematically controlled amount of oxalic
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acid and NH4F in the precursor solution can critically adjust the pH value and
reduction process for generation of pure phase defected NH4V4O10nH>O cathode
material. Moreover, addition of NH4F can effectively generate porous structures
via hydrolysis during the reaction, which present 2.8 times increase of BET specific
surface area in defected NH4V4O10nH>O compared with untreated control sample.
Therefore, a larger interfacial contact area of active material with electrolyte can

be expected in this case after modification of microstructures.

e Additionally, performance enhancement was analysed by experimental methods
and DFT calculations. It was clearly illustrated that enlarged d-spacing and
localized electron around defects can effectively facilitate Zn>" migration reflected
with an obviously optimization of ion diffusion coefficient and rate performance.
In addition, more liberated electrons formed in oxygen vacancy are easily excited
into conduction band from its donor level, which also contribute to conductivity
improvement in the as-prepared defective sample. Thus, structural engineering
could be considered as a promising strategy for designing advanced cathode

materials not only for vanadium bronzes, but for other metal oxides.

(3) The third study of vanadium based cathodes relies on a hypothesis that the diatomic
ion, vanadyl, can replace conventional single-atom ions (Fe**, Co**, Ni**, Zn?*, Mn**
and Cu?") in Prussian blue analogues to construct novel analogues with alternated
connection of vanadyl and ligand of [Fe(CN)e]*, which could efficiently promote
specific capacity since two electrons reaction (V**«>V>") during charge/discharge
process instead one electron or inert redox active species in conventional Prussian
blue analogues. Experimentally this hypothesis was verified by successful synthesis
of vanadyl hexacyanoferrate and its defected control sample along with critical
characterizations afterward. The corresponding battery performance not only breaks
record compared with all reported Prussian blue analogues, but also exhibit inherently
higher work voltage and power density compared with other reported cathode
materials for aqueous zinc ion batteries. Additionally, hydrogel shielded cathode
material strategy was the first time proposed in aqueous zinc ion batteries applications
via alginate salt self-confined polymerization by consuming vanadyl dissolution from

vanadyl hexacyanoferrate. The shielded sample presents remarkable stability and



ultra-high  rate performance compared with the pristine sample, in
line with expectations. The novelty and significant impacts in this work are concluded

as follows:

e By comparison of different precursors of potassium ferricyanide(III) and potassium
ferrocyanide(II) reacted with vanadyl ions, the resulting products showed distinct
characteristics such as colours, crystallinity, chemical states and composition.
Moreover, through structure analysis, spontaneous defects were observed because
of saturated spatial occupation of oxygen with vanadium resulting in missing
neighbour ferrocyanide group in 3D framework. Consequently, larger cavities
within the crystal structure can be expected and further confirmed by
characterization of BET specific surface area where a 158 m? g'! was attained in
vanadyl hexacyanoferrate. It is worth mentioning that the value of specific surface
area in this work is 1.5-2 times higher than conventional Prussian blue analogues.
Therefore, because of structural benefits and redox-active diatomic ions, a record-
high specific capacity of 213 mAh g™ at a current density of 0.2 A g was obtained,
which is 3-4 times higher than all reported Prussian blue based cathode materials

for agueous zinc ion batteries.

e Although a superior battery performance was observed, the as-prepared vanadyl
hexacyanoferrate still face self-dissolution issues like other Prussian blue
analogues, which is more serious in aqueous electrolyte due to a strong dipolar
interaction of water molecule. Thus, a novel strategy was verified in this work using
ionic conductive hydrogel polymerized on surface of vanadyl hexacyanoferrate
could stabilize the structures and introduce hydroxylation surface for enhancing the
interfacial capability of fast zinc desolvation process. Additionally, a self-confined
polymerization formation mechanism of alginate salt with limited self-dissolved
vanadyl ions exhibited less adverse impacts on porous structures and other
properties. In contrast, a fast polymerization process (few seconds) and simple
reaction parameters (directly mixed as-prepared vanadyl hexacyanoferrate powder
with sodium alginate aqueous solution) at ambient environment were apparently
favourable for scalable production in practical applications. Therefore, the obtained
battery performance of hydrogel shielded vanadyl hexacyanoferrate bring even
better specific capacity of 226 mAh g™ at a current density o f 0.2 A gtand 176
mAh g*at a current density of 5 A g. Moreover, rate performance (raised from
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62% to 88% after 25 fold increase of current density from 0.2 Ag*to 5 A g*) and
interfacial resistance (reduced from 87.7€ to 29.6Q in the initial state of electrode)
display a significant improvement compared with pristine vanadyl
hexacyanoferrate which further confirmed the beneficial effects discussed above.

e In addition to excellent battery performance, the as-obtained vanadyl
hexacyanoferrate was also fabricated into quasi-solid-state flexible cell equipped
with poly(acrylamide) as electrolyte. The cell exhibited superior mechanical
properties with steadily power output even after bending/twisting/stretching and
partial cutting tests, which sufficiently demonstrate its feasibility for practical

portable devices.

To sum up, these achievements are believed to promote a step-change on aqueous zinc
ion batteries researches and could draw broad interests not only from academics
working in field of materials science associated with energy storage techniques, but

from a wider community on advanced materials design and practical applications.
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1. Introduction

Rechargeable metal-ions batteries have triggered a race to meet rapidly expanded
energy consumption market demands over the last decades.! Meanwhile, there is greater
attention on ultimate performance and parameter restrictions on electrochemical energy
storage (EES) apparatus for different purposes and sustainable development, which are
a compelling academic community for aggressively exploring various novel battery

systems.z*3 A

1.1 Lithium-ion batteries

Up to now, there are many types of rechargeable metal-ions batteries that have been
successfully invented including alkali metal-ions batteries (Li*, Na*, K*)*®’7 and
multivalent ions batteries (Ca*’, Mg?*, AI**, Zn*").%° Among them, Lithium-ion
batteries (LIBs) as a striking example of synergetic development from both marketing
and academic interests not only open-up an innovation of powerful EES devices, but
also inspire more aggressive researches on battery science. A matured configuration of
LIBs with an illustration of “rocking chair” storage mechanism is shown in Figure 1.
In doing so, LIBs, first commercialized in the 1990s, was intensively explored in many
fields of cathode/anode materials, electrolytes and reaction mechanism to further boost
their performance for satisfying applications such as electric vehicles, portable devices
and grid-scale stationary EES apparatus.'® Therefore, it was seen that an overwhelming
gravimetric energy density of LIBs with > 240 Wh kg! was achieved, and further
improvement could push ahead with the value to 500 Wh kg theoretically.!!"?
Although various breakthroughs on many aspects of LIBs have been witnessed in 30-
years development, it currently still suffers critical degradation from both electrodes
and electrolyte with performance decays and increases internal pressure within the
packaging.'® This is owing to self-dissolution of cathode materials with transition metal
ions presenting in the electrolyte, which can deteriorate solid electrolyte interphase (SEI)
formation and further catalyze the decomposition of the electrolyte with oxygen
emitted.'* Moreover, poor ionic conductivity of organic electrolytes equipped in LIBs
seriously affect energy efficiency with a compromised penalty of SEI formation and
gravimetric power density.!>!¢ Additionally, Li metal plating process can be hindered
by sluggish kinetics of intercalation/deposition of Li" within/on graphite or metallic

lithium, which induces formation of dendrites on the anode surface, consequently
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resulting in short circuit with conspicuous hazard.!”!8 In addition to safety constraints
for practical applications, the natural abundance of lithium resources has also gained
considerate public concern since the price of battery-grade lithium carbonate had a
rapid increase from less than $3600 per tone to $14000 within 10 years from 2007 to
2017.1%20 Apart from the inflated price, the treatment of toxic/combustible organic
electrolyte and rigorous assemble requirements (strict moisture-free) during LIBs
fabrication process also impact not only on environmental perspective, but a high cost
for expensive manufacturing facilities and recycling treatment. There is no doubt that
the demand of LIBs will continue growing along with more innovations from many
aspects such as ionic liquid electrolytes, interfacial modification of metallic lithium
anode and cobalt-free cathodes, but the drawbacks currently still critically impede their
widespread applications especially on grid-scale stationary EES system and flexible
wearable devices. Therefore, other metal ion rechargeable batteries have been proposed

contemporaneously.
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Figure 1.1. LIBs configuration and illustration of charge carrier storage mechanism.

1.2 Sodium-ion batteries

Sodium-ion batteries (SIBs) were suggested initially as promising alternative EES
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techniques for competing with LIBs since a lower cost and similar energy storage
mechanisms compared with LIBs. ® Many efforts have been intensively devoted to
investigating high-performance crucial components in battery systems including
polyanionic-based materials for potential cathodes and red phosphate/metallic tin as
promising anodes.??> More specifically, it should be mentioned that the choice of
proper anodes are limited so far since conventional graphite and silicon seems inactive
for sodium storage, and volume change of alloy-based material faces inevitable
challenges for practical applications.* Moreover, like in LIBs, sluggish kinetics and
safety issues derived from the organic electrolyte were “perfectly inherited” in SIBS.
Moreover, a relatively larger ionic radius of Na* (1.02 A) induces a severe difficult
intercalation/extraction process compared with that of Li* (0.76 A) associated with
unsatisfied cycling capability and energy storage capacity.* Therefore, it is expected
that a breakthrough for SIBs is definitely needed in order to meet with strict
requirements of applications, especially for most anticipated grid-scale stationary EES

systems.?®

1.3 Potassium-ion batteries

Owing to sharing the same reaction mechanism and cell-setup with LIBs and SIBs,
potassium-ion batteries (PI1Bs) also attract attention as complementary EES technique
in the academic community since an abundant resource and high theoretical operation
voltage derived from negative reduction potential of -2.93 V vs. Standard Electrode
Potential (close to -3.04 V of Lithium). Surprisingly, although the Shannon ionic radii
of Potassium (1.38A) is much larger than those of Li* (0.76 A) and Na*(1.02 A), the
smallest Stokes’ radius and the weak Lewis acidity endow K* faster ion diffusion
coefficient in various electrolytes compared with other metal ions. However, the larger
Shannon ionic radii gives rise to sluggish transport kinetics within solid electrodes
along with large volume variations upon on insertion/extraction process which caused
poor reaction efficiency, constrained power output and relatively worse cycling
stability. Additionally, side reaction in the electrolyte, dendrite formation and serious
potential safety hazard of active K are strongly involved with extensive concern for
implement of EES applications. Indeed, it is seen that the massive production and
widespread applications of commercialized PI1Bs are far beyond the achievements that

we have done at this stage.
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1.4 Multivalent metal ions batteries

Before giving a description of multivalent metal ions batteries, some basic inherent
parameters and cost according to different charge carries have been summarized in
Table 1. It is explicitly shown that the cost of multivalent metal resource are cheaper
than those in alkali metals and higher theoretical volumetric capacity of metallic anode
for battery applications due to high density and multiple electrons transfers per ion.
Nevertheless, the obvious drawback of multivalent metal ions is relatively low standard
electrode potential corresponding to limited operation voltages. However, for a specific
application purpose of grid-scale stationary EES system, the installed cost, durability,
operational safety and scale-up capability become essential rather than concerns of
some battery parameters for mobile applications such as gravimetric capacity. In fact,
multivalent metal ions batteries, excluding zinc ion batteries, are hampered by not only
ambiguous charge carriers storage mechanism, but irreversible redox reaction on active
metallic anode which hinders the ionic migration associated with a generation of
unfavourable solid electrolyte interface in organic/aqueous electrolytes. Thus,
developments are targeting on artificial passivation of the surface of the metallic anode

and compatible electrolytes to bring innovations on energy-efficient batteries system.®

Table 1.1 Comparison of different charge carriers for rechargeable metal-ion batteries

- 0.002 8-11 -3.04 0.76 3.4-3.82 3862 2062
- 23 1.1-1.6 271 1.02 2.76-3.6 1166 1128
- 2.1 3-9 -2.92 1.38 2.01-3.31 685 610
- 0.0075 0.5-1.5 -0.76 0.74 3-4.7 820 5851
- 2.3 1-1.5 -2.36 0.72 4.12-4.2 2206 3833
- 4.1 - -2.86 1 4.04-4.3 1337 2073
- 8.2 0.5-15 -1.67 0.54 4.8 2980 8046
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To address the issues as mentioned above, innovations on electrodes and electrolytes
are eagerly needed for the burgeoned markets of intermittent sustainable power
generation plants and flexible electronic devices. Responding to safe-first criteria and
cost-effective purposes, aqueous zinc ion batteries (AZIBs) return to the sight of
academic interests for superior EES technique recently with neutral/ mildly acidic
aqueous electrolyte, instead of previous commercialized Zn-Air (first invented in 1869)
and primary alkaline aqueous Zn-MnO. batteries (first invented in 1882). The neoteric
development history of zinc ion batteries is depicted in Figure 2, which illustrates
accelerated research progress devoted to investigations of each component of the
batteries. Here, in this thesis, a brief configuration and principle reaction mechanism of
AZIBs are introduced. Then various representative cathode materials and electrolytes,
as well as tailored metallic zinc anode, are also illustrated. Through refined discussion
on the advantages and challenges of AZIBs, three pieces of correlated individual

research works on superb cathode materials for AIBs are presented in the following

chapters.
Water-in-salt electrolyte for ZIBI8l
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Figure 1.2. Development time line of AZIBs. (Reproduced with permission, Copyright
© The Royal Society of Chemistry 2020).4

1.2 Fundamentals of aqueous zinc ions batteries

1.2.1 Basic concept of aqueous zinc ion batteries

Aqueous zinc ion batteries (AZIBs) built on aqueous neutral/mildly acidic (pH: 3.6~6.0)
electrolyte have drawn great attention in the academic community, especially for large-
scale stationary EES applications and flexible electronic devices. The configuration of
AZIBs is illustrated in Figure 1.3, which presents similar battery components as
observed in LIBs, but a metallic zinc anode was employed instead of graphite. The

merits of zinc include adequate standard electrode potential (-0.76V vs. SHE) and
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steady dissolution/deposition capacity in a water-based solution. Thus, metallic anode
zinc with water-compatible characteristic can be directly adopted as anode in aqueous
electrolyte without further treatment, which is undoubted superiority compared with
other metal-ion batteries. Additionally, the large theoretical volumetric capacity of
5855 mAh g and gravimetric capacity of 820 mAh g, as well as an overwhelming
ionic conductivity of aqueous electrolyte (~ 1S cm™ vs. ~1"1° mS cm™ for organic
electrolyte), are compelling for “beyond Lithium-ion” EES applications. Last but not
least, non-toxic incombustible media and viable scale-up manufacturing capability with
low capital cost are mostly desirable characteristics for practical applications in grid-

scale stationary EES system.?

AZIBs

Cathode material Zinc plate

Figure 1.3. The configuration of AZIBs with demonstration of each components in the
battery.

1.2.2 Energy storage mechanism

Although the investigation history of zinc ion batteries utilizing aqueous electrolyte was
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initiated more than 200 years ago, the reaction mechanisms of AZIBs in the present are
highly distinct from precious battery systems, in which, alkaline Zn-MnO. batteries
equipped with concentrated KOH electrolyte are the most representative zinc-based
energy storage devices that have prevailed in the primary EES market.?* Unfortunately,
the redox reaction of metallic zinc possess very poor reversibility with varied by-
products (Zn(OH)2, ZnO, etc.) when pH value of aqueous electrolyte above 8 (Figure
4),% in contrast to stripping/plating process of Zn®*/Zn in AZIBs. Moreover, y-MnO»
cathode in alkaline electrolyte also present irreversible phase transformations which
can be described in two-step reduction process, corresponding equations and scheme

(Figure 5) are shown as follows:?¢

Cathode: y-MnO2 + H20 + e« MnOOH + OH" Q)
MnOOH + H20 + e Mn(OH), + OH~ )
2.0 b i
16 F : g : o ; o - 24
| -~ i o | N_
1.2 P S
2 eT,o‘, ~ s ' ' ’:E‘ BN 16 =
uw °°f Hlion ™ TS S N
P 1.2 +
04 ' ' e N
(/2] 2+ 1 ! 1 [
b 0k 2n~iaa) : : : -4 08 N
> e Lir— A = 1 [ ) u;
> -04} T, S I ‘0.4;
2 @VOlytion i~ = == =
L -0.8 - 1 tIOn: i = S 0 (1)
12 | j 04
an Zn(s) d 08
20
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Figure 1.4. Pourbaix diagram of metallic zinc anode in aqueous electrolyte with varied
formation of zinc-based products associated with different pH values.? (Reprinted with

permission, Copyright © 2020, American Chemical Society)
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Figure 1.5. Schematic of alkaline Zn-MnO; batteries.

Therefore, adoptions of neutral/mildly acidic aqueous electrolytes AZIBs instead of
alkaline electrolyte are fundamental factors to bring innovation on changes of Zn?*
storage behaviours from primary to secondary batteries mechanism. More specifically,
the energy storage mechanism of AZIBs still act in accordance with the classic “rocking
chair” scheme like LIBs, Zn?* strips from metallic anode and transports to cathode for
redox reaction upon discharge process, and same reaction run in reverse during charge
process. For instance, a reaction mechanism of aqueous Zn//a-MnO> battery with 0.1
M Zn(NOg3). aqueous electrolyte claimed by Xu et. al were shown as follows:?®
Cathodic process:Zn?" +2MnOz+ 2™ <> ZnMn04 ()
Anodic process: : Zn <> Zn**+2¢” 4
It is seen that the reaction described above can be regarded as simple zinc
(de)intercalation reaction mechanism. It is worth noting that the later studies of aqueous
Zn//a-MnO2 battery with 2M ZnSO4 and 0.1 M MnSOQO4 (additive) electrolyte gave a
different reaction pathway which can be expressed as follows:?’

Cathodic process:

H20 <« OH + H* (5)
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3Zn?* + 60H™ + ZnSO4 + NH20 <> ZnSO4[Zn(OH)2]anH20 6)

6MnO; + 6H" + 6e"«> 6MnOOH @)
Anodic process: :

3Zn <> 3Zn**+6€" (8)
Overall:

6MnO2+ NH20 + ZnSO4 + 3Zn «» 6MnOOH + ZnSO4[Zn(OH)2]3nH20 9)

A more complicated reaction mechanism can be observed in those equations since the
additional formation of zinc hydroxide sulphate precipitates on the surface of cathode
materials along with conversion reaction of a-MnO.. An extensive recognition of the
passivation layer of zinc hydroxide sulphate is generated from proton intercalation
process, which is crucial for following mechanism investigations of energy storage
behaviours.

In addition to those two reaction mechanisms exhibited above, a Zn?* and H* co-
insertion mechanism was proposed by Wang et al. recently?®, which was also
extensively confirmed not only in manganese oxides?®2°3!, but in vanadium oxides3>%
and other types of cathodes®. An illustration of the co-insertion mechanism scheme is
depicted in Figure 6, which shows that both Zn?* and proton can intercalate into
cathodes framework. Similarly, however, it is mysterious to distinguish rigorous
reaction steps during the co-insertion process and veritable charge carriers for capacity
contribution. Thus, considerable controversies still exist in this area. For example, Li
et. al. revealed a highly different reaction mechanism from previously reported
researches on VO(B) cathode material for AZIBs application (Figure 7).%° It was seen
that a passivation layer of zinc hydroxide sulphate precipitates formed on the surface
of cathode like observation in manganese oxides. Meanwhile, through first-principle
calculations, the ex-situ measurements and analysis of electrochemical behaviour, the
author gave detailed characteristics of energetics and energy storage mechanism, which
surprisingly indicate more favourable formation energy of H.VO; rather than Zn
inserted VO observed in literature. Therefore, the battery capacity is entirely

contributed by proton intercalation instead of storage of Zn?*,
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Figure 1.6. Schematic of aqueous Zn-MnO: batteries with neutral/mildly acidic

electrolyte.
Discharge
| (s Zn* ' ° Soaz.
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Figure 1.7. Schematic of Zn|ZnSO4|VOz(B) battery with co-insertion reaction
mechanism. (Reprinted with permission from Ref.35 © 2019 WILEY-VCH Verlag
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GmbH & Co. KGaA, Weinheim)

In conclusion, to data, the reaction mechanism of AZIBs according to different reaction
pathways on cathodes can be determined to three main categories: Zn*
(de)intercalation, conversion reaction and Zn?*/H* co-insertion/extraction. It can be
seen that the researches of zinc storage in various cathode materials are still in infancy.
Meanwhile, owing to complexity of species in aqueous electrolyte (proton, zinc ion and
hydrated zinc ions), the investigation of mechanism are easily misled by phase mis-
identifications and wrong interpretation of chemical states. Therefore, more efforts
should be concentrated on elaboration of veritable mechanism on their fine structure
evolutions during charge/discharge and chemical analysis against specific cathode
materials. Additionally, exploring cathode materials are urgently needed to fully
unleash the whole potential of performance of AZIBs, as the theoretical
gravimetric/volume capacity of metallic zinc anode is competent to fulfil the demands

of practical EES applications.

1.3 Electrolyte for aqueous zinc ion batteries

1.3.1 Aqueous electrolytes for AZIBs

Aqueous electrolytes play an important role in AZIBs and are also adopted for other
metal ion batteries system due to its merits, including high ionic conductivity, low cost
and ease of manufacture. As mentioned before, early attempts considering aqueous
electrolyte in zinc-based batteries focused on alkaline system, which is inadequate for
reversibility required by rechargeable battery applications. Therefore, AZIBs were first
established on the basis of natural/mild acidic aqueous electrolyte in 2012, which gave
rise to a great impact on the concept for grid-scale stationary EES applications.
Although there are many fascinating aspects of aqueous electrolytes which can be easily
discovered, a certain barrier is also derived from an intrinsic property that a narrow
thermodynamic stability window of bulk water with 1.23V, beyond which, the oxygen
/Hydrogen evolution reaction can occur resulting in decomposition of the electrolytes.3®
However, with various amount of proper metal salts added into water, the operation
window can be significantly broadened, even approaching above 3V in water-in-salt
based electrolyte®”:3:3° ( high concentrated salt solutions). Therefore, the majority of
applied zinc salt aqueous electrolyte deliver an operational window from 0.2~2.0 V (V

vs. Zn/Zn?") depending on varied zinc salt species and their concentration.*
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Additionally, there are many zinc salts which have been employed in aqueous
electrolyte for AZIBs. A brief comparison of their electrochemical properties was
concluded in Table 2. It should be emphasised that the most extensively used aqueous
electrolytes are ZnSO4 and Zn(CF3SOs)> in AZIBs application, which should be
attributed to more stable anions group and less water-induced side reactions compared
with NOs™ ,Cl" and CH3COO™ upon charge/discharge process.*! Meanwhile, faster
kinetics and better reversibility of aqueous electrolyte containing Zn(CF3S0Os), were
detected compared with ZnSO4 electrolyte. This is owing to bulky CF3SOs™ moieties
which can shield Zn?* from surrounding water molecules and alleviated solvation
effects.*> A similar phenomena can also be observed in  Zinc(ll)
Bis(trifluoromethanesulfonyl)imide (Zn(TFSI)2) electrolyte as a larger anion group can
occupy the solvation sheath instead of water. Thus, hydrolysis and side reactions can
be effectively reduced.*® Nevertheless, it should be noted that the increase of cost and
viscosity with reduced ionic conductivity should be considered as a trade-off of battery
performance with increased concentration of zinc triflate or Zn(TFSI)2 in aqueous
electrolyte.**** In addition to conventional zinc salts-based aqueous electrolyte, some
additives were explored to prevent specific cathode materials from self-dissolution by
tailored equilibrium of ions concentration between cathode material and electrolyte. For
instance, MnSO4/Mn(CF3S03)> and NaSOs for were adopted for stabilizing

manganese oxides*>*>4647” and sodium vanadate cathodes®, respectively.
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Table 1.2. Electrochemical properties of different aqueous electrolytes adopted for
AZIBs

Categories of Ionic Coulombic

Solubility
electrolytes with conductivity = pH value efficiency of Ref.
(g/100g H20)
concentration (S em™) zinc anode (%)
1M KOH ~0.5 ~14 <50 121 48
0.1M Zn(NO:s): - 5.2 - 120 26
2M Zn(CH;COO); 9
- - ~80 30
30M ZnCl; 2.9x102 - 95.4 408 20
3M Zn(CF3S03): 3.47 ~3.6 100 14.6 3
3M ZnSO4 ~1.5 3.4 ~75 57.7 314845
1M Zn (TFSI);
’ - ~7 99.5 - =
20M LiTFSI
1M Zn (TFSI):
' - - 100 - 52
21M LiTFSI
3M Zn(CF3S03): +
0.1IM ~6 3.8 ~93 45
Mn(CF3S03)2

1.3.2 Aqueous gel electrolyte for AZIBs

Quasi-solid-state aqueous gel electrolytes possess flexible polymeric network with
filled aqueous electrolyte, which are richly endowed by nature to be employed in AZIBs
system not only for replacing separator, but offering liquid-like ionic conductivity like
aqueous electrolytes. Moreover, many functional properties can be grafted on gel
electrolytes because of abundant functional groups, which endows capabilities of self-
healing, temperature response and anti-freezing functionalities. Therefore, it is seen that
a huge potential of quasi-solid-state AZIBs are compelling in applications of
wearable/flexible electronic devices with high safety and robust mechanical features.

37


javascript:;
javascript:;
javascript:;
javascript:;

To date, several gel electrolytes have been invented for the purpose such as fumed silica,
xanthan gum, poly(vinyl alcohol), polyacrylamide and their hierarchical composites. A
comparison of those gel electrolyte can be found in Table 1.3, in which, the features of

electrolytes sufficiently exhibit their capabilities for application in AZIBs system.

Table 1.3. Electrochemical feature and functionalities of gel electrolytes for AZIBs.

lonic conductivities ) .
Gel electrolytes Functionalities Ref.
(Scm?)

Prohibition of Zn
Fumed silica 8.1 <103 dendrite growth 53

Flexible and robust
mechanical properties;
Gelatine 6.15 %1073 Prohibition of Zn 32,54

dendrite growth

Prohibition of Zn

dendrite growth and

Xanthan gum 1.65 %1072 55

flexible feature

Shape memories and
Poly(vinyl alcohol) 1.26x102 P _ 56,57,58,59
flexible feature

Self-healing, flexible

) 1.65 <102 @ )
Polyacrylamide and robust mechanical ~ %6t
room temperature )
properties
1.68 x102@ ) _ ]
Glycerol and ethylene Anti-freezing, flexible
_ room temperature )
glycol with polyurethane and robust mechanical %2
) 1.46 x10°@ - )
acrylates/polyacrylamide 20°C properties

In conclusion, according to the studies mentioned above, it was seen that enormous
efforts have been dedicated into studies of aqueous electrolytes and their gel-based

quasi-solid-state electrolytes in AZIBs. Owing to those merits from water based
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features, AZIBs can be regarded as one of the best candidates to fulfil the demands of
grid scale stationary and flexible EES applications. However, water-induced side
reactions and unsatisfied columbic efficiency also require more concerns for selection
of adequate aqueous electrolytes. Meanwhile, it is necessary to explore a specific
electrolyte in details with standard criteria, otherwise, it is hard to evaluate their
authentic electrochemical parameters for practical applications. Moreover,
understanding different features of aqueous electrolytes are also imperative to consider
a compatibility of developed cathode materials, which can critically impact on battery

performance.

1.4 Cathode materials for aqueous zinc ion batteries

1.4.1 Manganese oxides

Manganese oxides have gained extensive interests in EES techniques because of
various valance states and crystallographic structures. More explicitly, various
crystallographic phase of MnO., such as a, B, v, 9, € and todorokite type, have been
intensively studied at initial research stage of AZIBs due to a high theoretical specific
capacity of 308 mAh g! for single electron reaction of Mn**«»> Mn**, along with a
relatively high discharge plateau (~1.3V vs. Zn/Zn**) compared with vanadium oxides.
Furthermore, lower valance of manganese ions in compounds such as ZnMn>O4>!,
Mn,03% and Mn304%4% have also been explored as viable cathode materials for AZIBs.
Therefore, it was expected that a higher energy density of manganese oxides could be
achieved. Nevertheless, the resulting performance of manganese oxides cathode
presented unsatisfied specific capacity and cycling stabilities because of irreversible
structure transformation where Jahn-Teller instability occurs and generation of Mn**
(soluble) species derived from disproportionation reaction of Mn** during discharge
process.’® To overcome the issues, Pan et al. first proposed an additive of Mn*" in
electrolyte which can effectively prohibit structure collapse from self-dissolution with
alleviated active materials loss, and thus excellent performance of 285 mAh g! and
92% capacity retention after 5000 cycling tests were attained.?” Accordingly, further
studies of manganese oxides-based cathodes all employed additives of Mn?" salts
selected on the basis of anions categories of adopted zinc salts in aqueous electrolyte.
It should be noted that the Mn** from additive and self-dissolution can also electro-

oxidized/deposited to MnO- in the same aqueous electrolyte for AZIBs in accordance
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46676869 which could exaggerate specific capacity of

with the following equation
manganese-based oxides due to two electrons transfer reaction (Mn?"«<Mn*") and
exceed manganese species, but fewer scholars mentioned in their reported studies.

Mn?* + 2H0 <> MnOx+ 4H" + 2¢” (11)
It is interesting that only few papers claimed that there is a dramatic discrepancy of
observed capacity regarding the inserted products and suggested mechanism’ and the
capacity contribution of electro-deposition from Mn?" in aqueous electrolyte could
dominate in aqueous Zn-MnO» batteries.”! In addition to interference from Mn**
dissolution/deposition, the energy storage mechanism of manganese-based oxides for
AZIBs mentioned before are still in dispute, even though many in/ex-situ
characterizations were carried out to unravel the principles governing manganese

oxides electrochemistry. Therefore, it is necessary to create a standard system to

evaluate aqueous Zn-MnO> batteries under identical conditions in further researches.

1.4.2 Vanadium oxides

Beyond manganese-based cathode for AZIBs, vanadium oxides are particularly
fascinating because of versatile crystal structures, open frameworks with high stability
and multiple redox reaction states of vanadium (V**,V*" and V°*) both contributing on
relatively larger specific capacity (>350 mAh g') and long-cycling stability.”
Additionally, unlike ambiguous reaction mechanism and discrepant performance
observed in manganese oxides for AZIBs, insertion of Zn** (occasionally accompanied
with water molecule) and co-insertion of H and Zn** are extensively recognized as
dominated energy storage mechanism in vanadium-oxide based cathodes for AZIBs.*!
The reported diverse vanadium oxides composing different configurations of
polyhedral VOx chains, layers or 3D frameworks with the two prevailed reaction
schemes were illustrated in Figure 8.* ~ Among them, the open frameworks of layered
V2053, V308’ and VOPO4'>" gained the most attention because of superior rate
capability and favourable stability observed in previous researches. This is owing to
tuneable crystal structures by pre-intercalation of diverse cations and water as “pillars”
which are accommodated within layers of VOx polyhedrons, which can endow
significant improvements on electrochemistry and intrinsic properties for AZIBs
applications from five aspects of inhibited “lattice breathing”, screen effect,

compensated capacity loss, enhanced ionic diffusion and electronic conductivity.”’
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For instance, a Zn?' pre-intercalated o-V2Os cathode materials was successfully
developed for high performance AZIBs by Kundu et al. in 2016, which triggered great
interests in these materials, so-called vanadium bronzes, by instituting pre-intercalated
ions in V20s frameworks, such as Mgo25V205nH20"8, CagasV20snH20%,
Nag33V205nH20%, Ago4V205nH20%!, Ko5V205nH20%2, (NHa)o25V205nH20% and
MV205nH,0% (M: transition metal ions of Cu, Fe, Mn, Co, Ni). However,
misinterpreted crystallographic phase of V205 (o and &) and lack of
systematic comparison between pre-inserted cations effects in vanadium bronzes under
identical conditions hindered disclosure of true electrochemical properties and reaction
behaviours of as-obtained vanadium bronzes. Therefore, there is few investigation on
the relationship between fine structures of vanadium bronzes with specific pre-inserted
cations and zinc storage mechanism at present. Moreover, a detailed zinc diffusion
pathway and accommodation sites are also crucial for design and optimization of novel

vanadium bronzes in AZIBs applications.
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Figure 1.8. a) Various VOx polyhedron, b) Crystallographic structures of reported
various vanadium oxides and two dominated reaction mechanism of c¢) Zn?*/water
accompanied Zn?* insertion and b) co-insertion of H" and Zn?* for vanadium oxides.*!

(Reproduced with permission, Copyright © The Royal Society of Chemistry 2020)

1.4.3 Prussian blue analogues

Prussian blue analogues (PBAs) are also prevalent as promising host materials for
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metal-ions batteries due to 3D rock-salt-type cubic open frameworks composing of
intersecting tunnels for rapid diffusion of charge carriers.®® Typically, a general
formulation of PBAs can be written as AxMi[M2(CN)s)]y-zH20, in which, A refers to
metal ions accommodated in tunnels of cubic cavities, and two potential redox sites of
M 23" and M»?"3* stand for transition metal ions bridged by ligand of cyanide ion with
alternate arrangement to construct the frameworks. The H,O can either stay in the cubic
cavities, or take position of [M2(CN)s]™*™)- ligands forming a defective motif of the
lattice. Furthermore, the majority of prepared PBAs derived precursors of potassium
ferricyanide(l11) or potassium hexacyanoferrate(l1) and other transition metal salts, thus
these PBAs can be also rewritten as metal hexacyanoferrate (HCF). It was found in
lithium-/ sodium-ion batteries that a stable defect occurs in PBAs which can not only
provide alternative pathway for guest ions migration rather than conventional <100>
tunnels, but alleviate distortion of <111> cooperative displacement during excess ions
insertion.®® An illustration of defected and normal lattice of PBAs with inserted guest
ions within the cavities (A sites) is shown in Figure 9 (a) and (b), respectively.
Nevertheless, unexpected defects can also induce a random distribution of the metal-
ligand bridges and excessive interstitial water molecule, which can degrade stability of
the lattice and block guest ion diffusion. Thus, a rational design of defected PBAs

materials is crucial to unleash the full potential for battery applications.

Vacancy

Figure 1.9. (a) Defected PBAs with vacancy inside of cubic lattice (one of the spatial
configurations). (b) Normal PBAs analogues with A sites occupied by guest ions.?’

(Reproduced with permission, Copyright © The Royal Society of Chemistry 2020)

To date, although the developed PBAs possessed the highest operating voltage of 1.5-
1.7 V vs. Zn/Zn*" compared with other cathode materials for AZIBs. Generally, there is
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a limited specific capacity of <70 mAh g™! and fast degradation of performance attained
in the majority of previous studied PBAs for AZIBs’?, such as CUuHCF®%° ZnHCF*%*!,
NiHCF*?, FeHCF****, and CoHCF®*. One reason is that there is only single redox specie
of Fe**"** (CN)¢ in frameworks contributing to the specific capacity. Taking the example
of ZnHCF, Zhang et al. reported a ZnHCF | IM ZnSOg4 | Zn battery with a specific
capacity of 65.4 mAh g! at current density of 1C (60 mA g!) and 24% capacity decay
after 100 cycling tests. Additionally, verified redox reactions from Fe(II/III) ligand and
varied amount of zinc species in the active material upon discharge/charge process
implies feasible zinc storage properties and electrochemical behaviours.”! Nevertheless,
limited specific capacity associated with an energy density of 100 Wh kg™! (on the basis
of the total mass of active material) is much lower than those of manganese-/vanadium
oxides (> 200 Wh kg!).” Therefore, two-redox species of Co(I1I/II) and Fe(III/II) were
developed to fabricate CoHCF for AZIBs applications recently. The corresponding
results presented remarkable enhancement of specific capacity (173.4 mAh g! @ 0.3 A
g1),” which clearly prove the feasibility of introducing active redox species for

improved performance of PBAs in AZIBs applications.

In conclusion, it is seen that tremendous progress has been achieved in AZIBs for
cathode materials researches, and many promising strategies on material design have
been proposed. However, comparing with developed cathode material categories for
lithium-ion batteries, there are few competent material candidates which can be utilized
for AZIBs so far due to sluggish diffusion kinetics derived from large hydrated ionic
radii and strong electrostatic of bivalent charge charrier (Zn**) with host frameworks as
well as competitive insertion species from aqueous electrolyte. The gravimetric
energy/power density of representative cathode materials for AZIBs have been
displayed in the Ragone plot (Figure 10). The ultimate obstacle of developing high
performance AZIBs system are still related to studies of cathode materials such as
ambiguous reaction mechanism and unsatisfied specific capacity compared with the
merits of zinc anode. Therefore, more systematic analysis of reaction characteristics
and novel materials development should be addressed for bringing breakthrough in this

field.
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Figure 1.10. Ragone plot of representative cathode materials for AZIBs.

1.5 Prospects and challenges

In this chapter, the summarized advantages and drawbacks of AZIBs techniques are
first discussed. Accordingly, hindrance derived from insufficient performance of
cathode materials and intrinsic issue of aqueous electrolyte substantially turned into the
challenges of their extensive applications in EES system. Therefore, some promising
strategies will be proposed, which could offer opportunities for the future development

of novel materials for practical applications.

1.5.1 Advantages and applications

As mentioned earlier, AZIBs techniques possess unparalleled merits from many aspects
including cost, safety, performance, environmental impacts and manufacturing
feasibility. Because of these benefits from neutral/mild acidic aqueous electrolytes and
adequate metallic zinc anode. Through great efforts on development of cathode

materials for AZIBs, the performance has approached that of Li-ion batteries (Figure
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1.11), which could dominate complementary markets of Li-ion batteries in the near

future, especially for grid-scale stationery and flexible electronic EES systems.

10¢

10° Fuel
cells
102 LIBs
Ni-Cd
Ni-MH AZIBs
lead-acid
batteries

-
o
=)

Supercapacitors

[N
Q

Gravimetric energy density (Wh kg™)

' 10_2 1 LAL) | ™ -----rl_l_mrq_mrq_'_I-Hﬂ'rfq_l_mq
10° 10 102 10° 10* 10° 10°
Gravimetric power density (W kg™')

Figure 1.11. Ragone plot of comparison between various EES techniques. (N.B. the
collected performance data of zinc ion batteries from literature are main based on active

mass of cathode materials, not from cell-level perspective.) (Reprinted (adapted) with

permission from (Ref.25). Copyright (2020) American Chemical Society.)

1.5.2 Drawbacks and challenges

As discussed above, some clear drawbacks and issues still exist in this field, such as
limited operating voltage window of aqueous electrolyte, water-induced side reactions
and sluggish diffusion kinetics of charge carriers seriously confine the energy density
of the devices and resulting in unstable features of cathode materials during
charge/discharge process. Additionally, ambiguous zinc storage mechanism and
misinterpreted electrochemical, structural, and chemical states characteristics in
previous studies provide disputable performance for practical applications, especially
for manganese-based cathodes. Therefore, it is essential to establish a critical evaluation

system with standard evaluation parameters for the studies in order to fulfil urgent
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demands of novel EES techniques. Moreover, even though the march of AZIBs have
made remarkable innovations in the last few years, it still stays at the initial stage of
EES techniques for particle applications. To date, it should be noted that there are only
few reported prototypes of a cell-level AZIBs (Pouch cell or 18650 cylinder cell), which
have been invented and characterized to compare with other commercialized EES
products. Therefore, the record of performance should be evaluated, and engineering
technique on cost-effective fabrication of high performance AZIBs are also needed as
synergetic development with materials chemistry/physics in this field. Although it is
seen that numerous challenges are still out there waiting, the strategies of novel material
investigations integrated with advanced material designs from physicochemical
structural modifications, such as defects engineering, heterojunction composites and
interfacial functionality, could ultimately conquer the field as occurred in other matured

EES techniques.
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Chapter 2.

Investigations of 6-Nio.25sV205-nH,0 and its analogues

cathodes for high performance aqueous zinc ion

batteries
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2.1 Introduction

With extensive use of new and renewable energy harvesting technologies to deal with
serious environmental issues, there is an unprecedented rise in demand for cost-
effective and reliable electrochemical energy storage (EES) equipment. As the most
successful commercialized secondary ion batteries, lithium-ion batteries (LIBs) exhibit
high energy density and cycling durability, which brought extraordinary technological
revolutions in many aspects of life.! Nevertheless, considering the rising cost of lithium
resources and safety hazards caused by the inherent chemical properties of metallic
lithium and adopted combustible ester electrolytes; aqueous rechargeable batteries have
gained great interests as promising alternatives, especially for grid-scale EES
applications.? Among them, aqueous zinc-ion batteries (AZIBs) have received dramatic
attention on the basis of neutral/mild acidic aqueous system, which is attributed to the
remarkable merits of metallic zinc.>**° Because of that, enormous efforts have been

9,10

dedicated to studies on cathode materials such as manganese oxides™ ", vanadium

1112 and Prussian blue analogues.”® Although higher ionic conductivity is

oxides
obtained in the aqueous electrolyte!> a much stronger electrostatic interaction exists
between Zn*" and large radii of hydrated charge carriers compared with other alkali-
metal ions.!*!> In this respect, there are severe choices of adequate hosts for the high-
performance purposes. Whereas, diverse layered vanadium bronzes step into the
spotlight since the multiple valence offering theoretical specific capacity above 300
mAh g! and tuneable interlayer spacing facilitating Zn>* fast migration.'®!” In addition,
the pre-inserted guest species accommodated within interlayer spacing of VOx
polyhedron slabs, such as metal cations, H2O or organic molecules, has been proven to
optimize physicochemical properties of host materials effectively. Features such as
extended cycling life, rapid ion diffusion from screen effect, inhibited lattice breath and
enhanced electronic conductivity by tuned electronic structures.!®!1%2° To date, various
vanadium bronzes have been studied, with pre-inserted ions of Zn'’, Mg16, Ca’!, Na'?,
Mn??, and Cu?® However, owing to crystallographic phase complexities of V2Os host
(e.g. a, 0,y and o), the zinc storage mechanism evaluations on specific frameworks may
vary. Otherwise, a misinterpreted local coordination of intercalated charge carriers with
different vanadium polyhedral in phase varied V2Os host skeletons will definitely bring
a deviation of cognition for primary principles in AZIBs, which have been observed in

comparison of previously reported 8- and o-type vanadium bronzes.2+?326-27:28
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Meanwhile, to further enhance interfacial diffusion efficiency of charge carriers
between solid and liquid phases in battery system, introducing porous structures have
been widely demonstrated as effective approaches for high performance electrode.>*
Nevertheless, the majority of synthetic routes for this purpose are template derived and

require enormous time-consuming work and complicated process.>!*?

In this regard, this thesis presents a study of hydrated 6-Ni(Co0).25V20s5 (i.e. NVO and
CVO) adopted as cathode materials for AZIBs which show remarkable specific
capacity of 402 mAh g and 326.8 mAh g, respectively, at 0.2 A g”!. Moreover, the
excellent cycle stability of NVO was obtained with only 2% specific decay after 1200
cycles. These two distinct 6-vanadium bronzes are for the first time utilized in battery
applications. Meanwhile, comparison regarding the various crystalline phases of
vanadium bronzes are discussed, and efforts have been made to elucidate the underlying
reaction mechanisms, which are achieved by multiple ex-situ characterizations
including X-ray diffraction (XRD), X-ray photoelectrons spectrometer (XPS), Raman,
energy dispersive spectroscopy (EDS), High-Resolution Transmission Electron
Microscope (HRTEM) and DFT calculations. In particular, we proposed the design
strategy and deep insight of our high-performance cathodes from multi-scale
investigations to illuminate the promoting electrochemical reaction kinetics and

superior zinc storage behaviours.

2.2 Experimental Section

2.2.1 Material synthesis

All chemicals were purchased from Sigma U.K. and employed without further
purification. In a typical synthesis of hydrated 8-Ni(Co0)0.25V205-0.74H>0, 1.5 mmol of
commercial V>0s5 powder was dissolved in a beaker with 35 mL deionized water (D.I.
water), then the solution was vigorously stirred for 30 minutes accompanied with
addition of 0.5 mmol of nickel(II)/ cobalt(Il) acetate tetrahydrate and stirred separately
for 15 minutes. After that, 2.2 mL acetic acid was dropwise injected into the mixed
solution until the pH of 2.75 was attained. The as-obtained solution kept stirring for 30
minutes and further transferred to a 50 mL autoclave. The reaction temperature and
dwelling time were set to 210°C for 48 hours. After cooling down to room temperature,

the bronze colour precipitates were washed several times with ethanol and D.I. water,
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and then dried by freeze-drying machine for 2 days.

2.2.2 Material characterizations

XRD: The detected angle range performed by a STOE SEIFERT diffractometer using
Mo (0.7093 A) X-ray radiation source is 2°<20<45°. Through scanning electron
microscope (SEM, Carl Zeiss EVO MA10), transmission electron microscope (TEM,
JEOL, JEM-2100 and ARM200F) and XPS (Thermo Scientific K-alpha photoelectron
spectrometer), the morphology and chemical states were characterized, respectively.
the data process of XPS was carried out initially by calibrating adventitious carbon with
a binding energy at 284.8 eV, then the area of the peaks were fixed according to a ratio
of 1:2 for the 2pi» : 2p3». Meanwhile, FWHM of corresponding peaks ( 2pi2 and
2p32) were set as same length for each valance states. Moreover, the distance between
two peaks of 2pi» and 2ps, for each valance states and elements were adjusted
according to literature. Additionally, Raman Spectroscopy (Renishaw Raman
microscope spectrometer with a laser wavelength of 514.5 nm) and attenuated total
reflectance Fourier transform infrared spectrometer (FTIR, ATRFTIR, BRUKER,
platinum ATR) were performed and the mass change upon increased temperature was
attained by a Thermogravimetric analyzer (TGA) (PerkinElmer TGA 4000 System).
The mass of the active substance for fabrication of electrode was weighed by the
analytical balance (Ohaus; 6=0.01mg). Near-edge X-ray absorption fine structure
(NEXAFS) was carried out by our collaborator, Mr. Liqun Kang in Dr. Ryan Wang’
group, and performed under the beamline of BO7 equipped with dipole synchrotron

radiation of soft X-ray (50 ~ 2800 eV) at Diamond Light Source.

2.2.3 Electrochemical evaluations

The as-obtained NVO and CVO cathode materials were mixed with binder
(polyvinylidene fluoride (PVDF) dissolved in 1-Methyl-2-pyrrolidinone(NMP)) and
conductive agent (Super P Carbon) with a weight ratio of 7 : 1: 2, respectively. Then,
printing homogeneous mixture on a current collectors (hydrophilic carbon paper) with
a loading mass around 2.5 mg cm™'. Subsequently, the printed electrodes were dried in
a vacuum oven at 70°C for 12 hours. Finally, the completely dried electrodes were cut
into disc with diameter of 14 mm and then assembled in a CR2032 coin-like cell with

zinc plate as anode and 3 M ZnSO4/ Zn(CF3S0s)> aqueous electrolytes. A scheme of
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coin cell modules are illustrated in Figure 2.1. The galvanostatic charge-discharge
(GCD) measurements were performed by the NEWARE battery test system for specific
capacity and cycle stability testing, and a use of the VMP3 Biologic electrochemical
workstation was carried out to acquire other electrochemical properties, such as cyclic

voltammetry (CV) and electrochemical impedance spectroscopy (EIS).

Zinc Anode

° H,0
(¢} o °® o0 o o Zn*
9 o s 2
(* ]
& o °° ° Separator
%) ) Q @
7 —
—~ (]
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? \ 3
(42
o
S

Figure 2.2.1. A scheme of each components in assembled 2032 type coin cells for

AZIBs.

2.2.4 Computational methods

The periodic Density Functional Theory (DFT, CRYSTAL17) calculations®® were
achieved in collaboration with Dr. Kit McColl in Prof. Furio Cora’s group from
Department of Chemistry in UCL. The corresponding results hare incorporated in this
thesis. In addition, hybrid-exchange functional B3LYP** was adopted to acquire
electronic correlation and exchange and dispersion effects were performed by
Grimme’s semiclassical D3 scheme.*>*%*” Moreover, the insertion energy of each Zn?*
was calculated by equation:

AEinse = E(ZNxNio.25V205 H20) - E(Nig.25V205 H20) - XE(Zns)) Q)
Meanwhile, the energy of metallic zinc was determined by energy of sublimation, 1

and 2" jonisation energies (Equation 2)
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E(Zn) = E(Zn**) + Esus(Zns) + Eiwy(Zn) + Ei)(Zn) )

The model of as-obtained 6-Nio25V2050.74H>0 adopted in DFT calculations was
based on a reference structure of §-Mgo25V20s H20,%® in which, Mg?* can be
equivalently substituted by Ni2* in our case. During the calculations, a unit cell with the
expanded primitive cell (2x1x1) of the 3-Nio.25V20s H20 possesses lattice parameters
of 11.7865 A, 7.2324 A and 10.2698 A for a,b and c, respectively. In particular, the
calculation for inserted site A of Zn?* with stoichiometry of Zno.os25Nio.25V205 H20
were performed by using (4>1x1) unit cell in order to avoid the influence of a periodic

image of Zn?* in the following cell.

2.2.5 X-ray computed tomography analysis

X-ray microscopy and nano-computed tomography (nano-CT)( Zeiss Xradia Versa 520
and Ultra 810) were employed to examine the 3D microstructure of as-prepared
electrode at multi-length scales with voxel resolution of 0.4 and 0.063 um,
respectively.® Meanwhile, The reconstruction was achieved by built-in Feldkamp-
Davis-Kress (FDK) and filtered-back projection algorithm.***! 3D visualization and
pore-size distribution were obtained by Avizo v9.5 software (ThermoFisher Scientific).
Moreover, the X-ray nano-CT data equipped the XLab in Avizo was utilized for
calculating tortuosity factor and effective diffusion coefficient. The boundary condition
with a concentration difference of 1000 mol m™ was established within a simulation
domain of inlet and outlet. Furthermore, the comparison of the diverse flow rate
between the reference (porosity € = 1) and as-obtain sample can deliver information of

tortuosity and effective diffusion coefficient.!

2.3 Results and discussion

The synthesis process of hydrated NVO and CVO micro-ribbons was achieved by a
single-step hydrothermal method. The as-obtained powders possess bronze colour
exhibited in Figure 2.3.1.
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Figure 2.3.1. Digital photo of as-prepared NVO and CVO exhibiting bronze-like colour.

3

Additionally, as shown in Figure 2.3.2a,b a porous self-template structure of NVO was
examined by scanning tunnelling electron microscopy (STEM). The typical size of the
micro-ribbon is more than 10 pm in length and over 100 nm in width, and the uniform
porous structures could be attributed to a metal-ligands bridging fashion induced self-
assemble growth mechanism.*> Moreover, SEM and elemental mapping
characterizations in Figure 2.3.2c,d were carried out to uncover the morphology of the
materials with a clearly verified uniform distribution of Ni and V elements. Through
EDS analysis, an element ratio of V to Ni was 8.8:1. Similarly, the SEM image and
elemental mapping of as-prepared CVO also exhibit the same order geometry

morphologies with uniform elemental distribution in Figure 2.3.3a,b.
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Figure 2.3.2. (a, b) STEM image, (c) SEM and elemental mapping, (d) EDX of the as-
obtained NVO.

The following XRD patterns in Figure 2.3.3c clarified that the crystallographic structure
of both materials can be indexed to standard PDF pattern (JCPDS No. 88-0580) of
monoclinic §-Nio.25V2050.98H20.244 With refinement of crystal structure in Figure
2.3.4, lattice parameters and space group (C2/m monoclinic) are acquired for as-
prepared NVO (table 2.3.1). More explicitly, the main intensive peak of NVO referred
to the (001) plane with 26 of 3.94° corresponding to the d-spacing of 10.3 A, and other
two conspicuous peaks at 11.67°and 11.85° stand for (110) and ( 003) facets,
respectively. Comparably, there is a slight shift of the (001) plane to decreased 20
position in CVO XRD pattern, which can be explained as an enlarged d-spacing from
10.3 to 10.5A along with c-axis by instituting hydrated hexa-aqua Ni?* (4.04 A) to
Co**(4.23 A).
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Figure 2.3.3. (a, b) SEM image and elemental mapping of CVO, (c) XRD patterm of
the as-obtained NVO and CVO, respectively.
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Figure 2.3.4. XRD refinement of as-prepared NVO.

Table 2.3.1. Lattice parameters of standard and as-obtained NVO sample.

phase a b c i} \4
standar monoclinic 11.7560 3.6490 10.3640 95.030 442 .88
d Nig22V20s +0.0010 +0.0010 +0.0020 +0.010
sample Nig25V20s 11.7629 3.6528 10.4118 95.156 445.55
+0.0012 +0.0003 +0.0014 +0.019 (+0.60%)
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It should be clarified that the NVO (Figure 2.3.5a) has a critically varied atomic-level
structure from the previously reported vanadium bronzes such as §-Cag24V20s-nH,O?!
(Figure 2.3.5b), 6-MxV20snH2O (M = Zn*" or Mg?")!®!7 (Figure 2.3.5¢). Among them,
the 6-MxV205-nH>O structure consists of a "double-layer" configuration constructed
by various interconnected VOx (x =4, 5, 6) polyhedrons. While, in the 8-MxV20s5-nH20
structure (M = Ni**, Co?" or Ca*"), each bilayers in the framework possess the same
coordination as layers in a-V20s, which only compose of VOs and VOs. In addition,
the relatively large Ca®" in the §-V,0s framework coordinate with three apical oxygen
ions in the layers, that is, one is in a layer but the other two are bonded with adjacent
layer. In contrast, Ni?* (Co*") only coordinates with two oxygen ions within layers
through the axial direction. Therefore, more numbers of apical oxygen ions in
NVO(CVO) compared with 8-Cao.24V205-nH20 can be observed resulting in more
accessible Zn?" accommodation sites in this case. It is seen that even though both o-
and 8- phase vanadium bronzes possess a bilayer V20s hosts, the distinct nature of
intercalation properties within these two phases can be expected, since the local

environment of fine structures varied in each cases will strongly influence on Zn?*

migration and accommodations.

Figure 2.3.5. Crystallographic structures of (a) 6-Mo.25V205-nH,0 (M = Ni, Co) (b) &-
Cap25V205-nH>0, and (c) 0-Mo2sV205-nH2O (M = Zn, Mg), projected along b
direction. (d) Crystal structures of a individual V2Os slab in 8-M.25V20s5-nH,O (M =
Ni, Co, Ca) and (b) 6-Mo25V205-nHO(M = Zn, Mg), projected along c-axis,

respectively. Large red spheres and small red spheres refer to V atom and O atom,
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respectively. Coordination polyhedra are reflected by shaded regions, and partially

filled spheres refer to fractionally occupied sites.

The Raman spectrum of NVO presented several peaks in the sphere of 100-1200 cm™
which refer to various vibration modes (Figure 2.3.6¢).***>% More explicitly, the
Raman shift of 104 and 175 cm! can be interpreted as a translation mode derived from
relative motions between two layers.*’” The intensified peak at 175 cm™ represents the

t.*® Moreover, the band

long-range order of in-plane slabs along ab direction in the hos
at 965 cm™! can be interpreted to the stretching mode of terminal apical V=0, which
exhibits a red shift compared with that of a-V20s (994 cm™).*’ This phenomenon can
be explained as an extension of the V=0 owing to a coordination of Ni** with apical
oxygen in vanadyl bond resulting in a liner enlarged d-spacing along the c-axis. A
similar observation of the decreased Raman shifts can be also found in Li inserted V2Os
with 984 cm! in previous study.>® Furthermore, a Raman shift occurred at 505 cm™ is
caused by the bending mode of V-O, and may overlap with Ni-O vibration mode, which
generally possesses a similar Raman shifts in this region.’!*? It is seen a band at 684
cm’! stands for the antisymmetric stretching mode of V-O-V.*° In addition to Raman
spectrum, FITR spectrum of NVO in Figure 2.3.6a exhibits a series of absorption bands
corresponding to the various vibration modes in terms of V-O, V-O-V, V=0, Ni-O, OH
and H-O-H, from low to high wavenumbers, respectively.’*>**3>% Moreover, the
intermolecular water not only detected by FTIR results, but use of TGA to quantify the
weight percentage of water content in as-prepared NVO sample. According to the TGA
result in Figure 2.3.6b, there is 6.2% weight loss in the temperature sphere of 150-
475°C, indicating that the stoichiometric formula of the NVO should be written as d-
Nig.25V20s5-0.74H20.

a b 6H @0 eV
A . 100
—~ o475 — &
5 [0 5| 517 € ~
© @ 773 X 9
= 276 069 2 / \v = 6.2%
2 419505 @ 2 S £ g5
Z bod o 2 (f644) | 1607 i \/
2 f / 965 k) o 3420 2 O
c =
= e W E
- O ®V eNi f28 1001 ' 90— ' _~074HO
200 400 600 800 1000 1000 2000 3000 4000 100 200 300 400 500 600
Raman Shift (cm™) Wavenumber (cm™) Temperature (°C)

Figure 2.3.6. (a) Raman; (b) FTIR spectrum and (c) TGA analysis of the NVO pristine

powder.
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After comprehensively identifying elemental and structural information of NVO, the
material was assembled into a coin cell type battery equipped with 3M ZnSO4 as
electrolyte to evaluate the electrochemical performance. Figure 2.3.7a shows the
galvanostatic charge/discharge (GCD) profiles of NVO at different current densities
from 0.2 to 5 A g%, where several plateaus can be identified arising from paired redox
reactions upon Zn?* insertion/extraction. Meanwhile, a high specific capacity of 402
mAh g was observed at a current density of 0.2 A g*. Impressively, there is specific
capacity of 164 mAh g* attained even after rising 25-fold current density to 5A g*. In
addition, the rate performance of NVO is further exhibited in Figure 2.3.7b, in which
the current density is gradually increased from 0.2 A g to 5 A g, and then revert to
the initial current density with 8 cycles in each steps. It is also seen that NVO cathodes
can provide dramatically stable cycling performance under various current densities,
which obtained a capacity retention of 95% with specific capcity of 381 mAh g when
the current density was restored to 0.2 A™. Accordingly, the recovery of excellent
capacities at other current densities was also achieved with high specific capacity of
320, 274,221,186, and 147 mAhgtat0.5, 1, 2, 3,and 5 A g%, respectively. Meanwhile,
the corresponding coulombic efficiency (CE) is above 99% indicating a highly
reversibility during the reactions. Figure 2.3.7c presents the first three cycles of CV
curves for NVO electrode at a scan rate of 0.2 mV s It is noticed that reversible
(de)intercalation of Zn?* occurred after the first asymmetric discharge/charge process,
which maintains the same shape and position of multiple redox pairs in rest of cycles,
which further verified the stability of NVO cathode in the GCD profiles with transient
initial activation. Additionally, The long-term stability of NVVO electrode under various
current densities was investigated through extended cycles measurements (Figure
2.3.7d, e). Specifically, there is only a 10% decreased specific capacity of 347 mAh g’
L occurred after 50 cycles at a current density of 0.2 A g%, which is superior than other
reported vanadium bronzes even tested under relatively higher current density of 1 A
g, e.g. there is 23.7% drop of the capacity after 100 cycles for NH2V4010°’, a 31.6%
of capacity decay after 50 cycles for LixV20s nH,0%, and 26.5% of capacity
attenuation after 50 cycles for CuxV20s nH20?%. Moreover, a higher capacity retention
of 98% after 1200 cycles was attained at a high rate of 5 A g™ against to a capacity of
218 mAh g @ 2" cycle, and a LED display can be easily lighted up by as-fabricated

AZIB illustrated in inset of Figure 2.3.7c. All cycling results were detected with over
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99% Coulombic efficiency implying a robust reversibility of electrochemical

performance.
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Figure 2.3.7. (a) Galvanostatic charge-discharge profiles and (b) rate performance for
NVO | ZnS0Oq4 | Zn battery at different current densities, respectively; (c) The first three
cycles of Cyclic voltammetry curves at the scan rate of 0.2 mV s for NVO cathode;
Long-cycling stability evaluation of NVO at (d) 0.2 and (e) 5 A g !, respectively. Inset
in e depicting the as-fabricated batteries lightening the LED display.

Additionally, the performance was also verified by a substitution of 3M ZnSO4
electrolyte with same concentrated Zn (CF3SOg)2. It is observed that a similar durability
of battery rate and long-term cycling performance was achieved with steady power
output even after 1500 cycles measurements (Figure 2.3.8).
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respectively; (b) Rate performance of NVO electrode at different current densities from
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Meanwhile, it is seen that a relatively high maximum energy/power density of 286.6
Wh kgt and 3920.8 W kg* were achieved in NVO//3M Zn(CF3S0zs).// Zn cell, which
can be observed in a Ragone plot in Figure 2.3.9, compared with other developed

cathodes.
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Figure 2.3.9. Ragone plot of energy/power density of as-prepared NVO-Zn batteries

and different reported cathodes (based on active mass of cathode materials).

For comparison, it is known that the as-obtained CVO possesses similar atomic level

structure compared with NVO. Therefore, the CVO cathode was also tested for AZIBs

application (Figure2.3.10). The resulting specific capacity of 326.8 mAh g'! with only

0.7% capacity decay was attained at a current density of 0.2 A g™ after 30 cycles.

Furthermore, it also showed a capacity retention of 95% with capacity of 144.4 mAh g

after 500 cycles at 5 A g'! and good rate performance when the varied current density

applied. Despite the fact that the obtained battery performance of CVO is lower than

NVO electrode, the results are still amongst the highest reported cathodes for AZIBs

applications.
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Figure 2.3.10. (a) CV curves of CVO electrode at 0.2 mV s!; (b) Rate performance of
CVO electrode at different current densities from 0.2 to 5 A g!, and long-term cycling
stability of the CVO electrode at the current density of (¢) 0.2 A g and (d) 5 A g,

respectively.

To clarify the varied specific capacity of CVO and NVO, ex-situ EIS was adopted for
investigations of ions transport properties and resistance at initial and final states of
cycling tested batteries measured under identical conditions (Figure 2.3.11). It is seen
that a summarized electrochemical impedance parameters of both electrodes at different
states are presented in Table 2.3.2, according to the fitted equivalent circuit results,
which present cycle-dependent resistance and ions transport properties. More
specifically, both electrodes of NVO and CVO before charge/discharge treatments
possess much better electrochemical behaviour than those cycled cathodes. Moreover,
the cycled NVO electrode exhibits superior performance than cycled CVO, which is
reflected by a lower combined internal resistance (Rs= 2.85 Q) and interfacial charge
resistance (Ret=22.38 Q) for NVO compared with those in CVO with 4.82 Q and 59.77
Q for Ry and R respectively. The enhanced inherent conductivity and facilitated
interfacial charge migration properties are responsible for observed high performance

of NVO during cycling tests, and the variation with CVO electrode could be attributed
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to unstable feature of Co ion in framework which will be discussed later in structural
and elemental evaluation via multiple ex-situ characterizations. Thus, the comparison
of these two electrodes highlights the importance of adequately selecting pre-

intercalated cations in vanadium bronzes prior to the measurements.

CPE C,
@ I

— 1 —

Rct WO RIeak
— [ 1—W) 11—

Figure 2.3.11a. The equivalent circuit for EIS

Rs: Combined internal resistance, including the interfacial contact resistance of the
material with current collector, the ohmic resistance of electrolyte and the intrinsic
resistance of current collector.

Ree: Interfacial charge transfer resistance, representing the resistance of electrochemical
reactions at the electrode surface.

Wo: Warburg element, describing the transfer and diffusion of the electrons and
electrolyte ions in the pores of the electrode materials.

CPE: Constant phase element.

Cist: Element account for the low-frequency surface capacitance.

Rieak: Leakage resistance at low frequency.
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Figure 2.3.11 b. Nyquist plot of the NVO and CVO electrodes at initial and after 100
charge/discharge cycled states.

Table 2.3.2. Comparison of Equivalent circuit parameters for NVO and CVO

CVO 3.67 91.47 226.4 0.036 1.15 44.46
before (N=0.74)

NVO 0.58 183.6 76.43 0.25 (N=0.67) 0.52 17.01
before

Ccvo 482  59.77 28.98 0.62 (N=0.63) 9.32 85.20

after

NVO 2.85 | 22.38 23.69 0.89 (N=0.58) 2.06 69.91

after

Additionally, in order to investigation of benefits from pre-intercalated ions, a slight
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modification of the synthetic protocol was conducted by getting rid of nickel and cobalt
acetate precursors in preparation process. Accordingly, the resulting product possesses
a crystallgraphic structure precisely macthed with V3zO7H>O (JCPDS 28-1433), which
also exhibits layered structure composing of V3Og slabs with coorination of VOs and
VOs polymorphs,>® which have similar features as mentioned in crystal structures of 8-
Ni(Co0)0.25V205-nH,0. Moreover, electrochemical measurements were performed to
compare with NVO and CVO electrodes. Figure 2.3.12¢ presents the first 3 cycles of
the CV curves for V307H>0, in which there are two conspicuous pairs of redox peaks
upon cathodic/anodic reactions, and the subsequent GCD measurements illustrates high
initial capcities of 354 mAh g'! and 225 mAh g™ under current density of 0.2 and 5 A
gl respectively. However, inferior cycling stability and rate capbility are observed in
Figure 2.3.12 (d-f). i.e. 58.4% and 50% capcity attenuation at 0.2 A g"! and 5 A g! for
50 and 5000 cycling tests, respectively, The unsatisfactory performance of V;O7H2O
cathode could be attributed to a rapid deterioration of the structure because of stronge
electrostatic force. As the result, the introduction of pre-inserted cations could be a

feasible solution.!%1%20
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Figure 2.3.12. (a) XRD plot of V307H20 cathode; (b) Crystallographic structure of
V307H20 projected along the ¢ axis (O atoms of the water molecules are shown as
induvial small red ball without exhibition of H atom); (¢) First three cycles of CV plots
at the scan rate of 0.2 mV s°!; (d) GCD tests on V307H,0 electrode at 0.2 A g™! for 50
cycles; (e) Rate performance at varied current densities from 0.2 to 5 A g''; (f) Long-

term cycling durability of the electrode at the current density of S A g™

In addition, according to the disscussion above, it is seen that remarkable performance
was achieved in NVO for AZIBs applications, and a summerized battery performance

comparsion of different characteristics on reported vanadium oxides was illustrated in
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Table 2.3.3.
Table 2.3.3. Battery performance comparison of NVO with some reported vanadium-

based cathode materials.

1M
- -1 —1
Nar1Vs075@rGO 0.4-1.4 Z0(CF$S03)2 191 (50 mA g%) 85/500 (1L A gY) [60]
0.2-1.6 3M 253.7 (200 mA g?) 93/1000(1 A gY) [19]
2-1. . m. B B
Nao33V20s Zn(CF3S03)2 : ’
6-ZNo25V20s 0.5-1.4 1 M ZnSOs4 282 (300 mA g 80/1000(2.4AgY)  [17]
n H0
8-Ca25V20s 0.6-1.6 1 M ZnSOs4 340(0.2C) 78/5000(80 C) [21]
nH20
3M
6-Mgo34V20s N 0.1-1.8 330 (100 mA g% 95/1000 (1Ag?) [16]
Zn(CF3S0a)2
H.O
Naz2Vs016 3H20 3M
0.2-1.6 352 (50 mA g?) 75/500 (1LAg) [61]
Zn(CFsS03)2
K2VeO1s 2.7H20 0.4-1.4 1 M ZnSO4 217 (200 mA g% 82/500 (6Ag™) [62]
Zn3V207(OH)2 2H2
o 0.2-1.8 1 M ZnSOx4 213 (50 mA g%) 68/300 (0.2Ag™) [63]
LiVsOs 0.6-1.2 1 M ZnSOs 267 (15 mA g1 90/65 (0.13Ag™) [64]
2M
NasV2(POa)2F3 0.8-1.9 65 (80 mA g?) 97/4000 (1Ag™) [65]
Zn(CF3S03)2
0.2-1.6 3M 381 (50 mA g%) 71/900 (6 Agt) [66]
2-1. m ) B
V205 nH20 Zn(CF3S03)2 : ’
389 at 2" cycle (200
89/50 (0.2 AgY)
mA g*)
3M ZnS0O4
218 at 2" cycle for
98/1200 (5AgY)
(5AgY
This
8-Nio.25sV20s 0.3-1.7 370 at 2" cycle (200 93/20 (0.2Ag™) work
. H O -1
nHa 3M mA g™
Zn(CF3S0s3)2
188 at 8" cycle (5 A
y 96/1500 (5Ag°Y)
7
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In addition to performance evalutions, a gradually movements of radox peaks toward
to same direction was observed as the scan rates increased from 0.1 to 0.5 mV s™!, from
which a quantitative assessment of the Zn>" storage kinetics in the as-prepared cathode
material can be achieved (Figure 2.3.13a). According to the equation, a power-law
relationship is obeyed'®:
I=al?

where, i refers to peak current and v stands for sweep rate in CV measurements. Hence,
the b values can be acquired by a fitted slope with log(7) vs. log(v) profile.

In our case, the b values attained from the six conspicuous redox peaks are 0.39, 0.79,
0.75, 0.60, 0.52, and 0.64, respectively, manifesting that a diffusion-controlled behavior
of charge storage dominate in NVO cathode (Figure 2.3.13b). A further evaluation of
capacitive- and diffusion-controlled kinetics of the cathode material are presented in
CV curve at a scan rate of 0.4 mV s!, in which a capacitance contribution accounts for
33.5% among all current responses (Figure 2.3.13¢). Moreover, when the CV scan rates
increases from 0.1 mV s to 1 mV s}, it is observed that the proportion of capacitance
contribution coherently raised from 21.5% to 45.3%. in Figure 2.3.11d. This
phenomenon indicates that the kinetics are mostly determined by charge carrier
diffusion at low sweep rates, while the capacitive behavior gradually rules the zinc
storage reactions at higher scan rates. In addition to CV analysis, Galvanostatic
Intermittent Titration Technique (GITT) was uzilized to acquire the diffusion
coefficient of Zn?>" in NVO and CVO electrode during the (de)intercalation process
(Figure 2.3.13 e-h). It is seen that D values of NVO is higher than CVO, which further
confirms the better rate capability in NVO electrode as disscussed above. Moreover,
both of the materials possess D values in the sphere of 10® to 1071 cm? 5!, indicating
enhanced ion diffusion kinetics compared with reported ©-Mo2sV20s-nH20

(M=Zn*'and K*) '7-¢7,
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Figure 2.3.13. (a) The CV curves of the NVO electrode with varied scan rates from 0.1
to 0.5 mV s™'; (b) b value originated from log i vs. log v plots on basis of the CV reuslts
at picked oxidation/reduction states; (c) Capacitive contribution (grey region) at 0.4 mV
slin CV curve of the NVO electrode, and (d) the capacity contributions ratio between
capacitive and diffusion controlled processes at different scan rates; GITT profiles and
resulting zinc ion diffusion coefficients for (e, g) NVO and (f, h) CVO electrode,

respectively.
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Combined with ex-situ XPS, XRD and TEM characterizations, the possible Zn>*
reaction mechanism in NVO electrode was studied. In order to verify the varied
chemical states of the original, charged and discharged NVO electrodes, ex-situ XPS
analysis were carried out, and the corresponding results of core-level spectra of V 2p
are shown in Figure 2.3.14a with obvious variations of binding energys indicating
change of valence states upon Zn?" (de)intercalation process. More explicitly, the
polyvalent states of V4" and V°* appearing in the prisine NVO material are in accord
with other reported vanadium bronzes with observation of partial reduction. It is seen
that the binding energies of V¥ (2p 3: 516.2 €V) and V>* (2p 35: 517.5 eV) maintains
almost the same positions in the pristine and fully discharged states of NVO.Whereas,
an intensified V** species with an emerged peak at 515.5 eV referring to V" indicate a
significant reduction of V oxidation states in fully discharged state of NVO electrode.
Through analysis of peak area proportion, a notable reduction of the average V valence
states from V*%" to V*#95* was observed, in pristine and discharged NVO samples,
respectively. In contrast, the V3" component disappears in fully charged NVO electrode
and two dominant peaks at binding energy of 517.6 eV and 516.3 eV occurs instead,
which can be assigned to V4" and V>* species, respectively, giving rise to an average
valence state of V#78*, The above results indicate that the V species undergoes a highly
reversible redox reaction during the (de)intercalation of Zn**. In addition, the chemical
states of Ni species in NVO were also determined by ex-situ XPS (Figure 2.3.14b). The
intense peak at a binding energy of 865.3 eV stands for Ni** 2p 35 in pristine sample
but hardly retrieve the precise signal positions of Ni 2p in fully charged/discharged due
to a weak intensity of peaks. This may be owing to the partial removal of Ni during the
reactions, and the interference from surface contaminated by conductive agent and
binder mixed electrode, the following demonstration will be achieved by a
characterization of varied amount of Ni species in the electrode via ex-situ EDS
measurement. It should be emphasised that this phenomenon has also been reported in
other AZIBs electrodes, and could be considered as a displacement/intercalation

7:68.69.70.71 Moreover, Figure 2.3.14c shows the Zn 2p core-level

reaction mechanism.
XPS spectrum of the fully discharged/charged NVO electrodes. The dominant peak of
Zn*" 2p 32 is found at 1023.4 eV corresponding to the inserted Zn>" in the NVO cathode
during discharge process, whereas the attenuated intensity peak at 1022.1 eV observed

in the fully charged NVO sample demonstrates partial residual Zn>" species remains
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upon charged process, which is consistent with previous researches.'®!” It should be
noted that all ex-situ XPS measurements were carried out on the samples which had
been exposed to ambient environment for several hours, that is, V3" (especially in the
surface of tested electrode) could be slightly oxdized to higher vanlent states. Therefore,
the result of average valence states of vanadium species could be overestimated in this
case. Therefore, the following NEXAFS could offer more accurate information on the

evulation of chemical states during the reactions.
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Figure 2.3.14. Ex-situ XPS core-level spectra of the (a) V 2p, (b) Ni 2p and (c) Zn 2p
in pristine, fully charged and fully discharged states of the NVO cathodes, respectively.

After elucidating the changes of the chemical states, the structural evolution of the NVO
cathode material upon charge/discharge process were characterized by ex-situ XRD,
TEM and Raman. As shown in Figure 2.3.15, ex-situ XRD analysis clarified the
dynamic structure evolution of NVO electrode under different charge/discharge states
of the 1% and 20" cycles with an applied current density of 0.2 A g!. The electrode was
firstly immersed in the 3M ZnSO4 electrolyte for 48 hours with following XRD
measurement to compare with the prinstine NVO sample. It is worth noting that the
crystal plane possesses negligible changes after immersion, which demonstrates a
stable crystal structure of NVO cathode in the as-obtained electrolyte. Upon a deep
discharge to 0.3 V in the first cycle, the 20 of (001) changes from 3.94° to 3.76°,
reflecting a interlayer spacing mildly expands from 10.3A to 10.8A after inserting
Zn**/H,0, which is highly different with an observation of intensive contraction of the
interlamination in previously reported 6-Zno25V20s-nH>O at the first fully discharged
state.!” However, this phenomenon in the present investigation are consistent with the
recent study of layered V3Os as host frameworks for AZIBs.”> Moreover, after
introduction of Zn** into the host lattice, the new phase becomes highly reversible in

the rest of the cycles, i.e. retrieving the same reflection position at each fully discharged
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states. Similarly, when the electrodes were fully charged to 1.7 V in the 1 and 20"
cycles, a steady change of interlayer spacing from 10.8 to 13.5 A was attained. The
large extension to 13.5 A could be considered as incorporation of extra H>O molecules
from the electrolyte after Zn>" was extracted.”” Additionally, the reflection sites of the
(001) facet were also reversible at each charge/discharge states. For instance, the d-
space (13.5A) at fully charged state initially drops to 10.5 A with a discharge process
to 1.2 V, followed by an expansion to 11.2 A after further discharge to 0.75 V.
Comparably, during the charge process, two states of 0.8 V and 1.25 V possess the same
(001) reflection positions, interpreted as d-space of 11.2 A and 10.5 A, respectively.
Since a complexity of inserted species (Zn**, H>O and zinc complex) within the NVO
cathode, it is difficult to clarify the fine structure evolutions but only simultaneously
variations of interlayer spacing can be observed. Furthermore, the reversible
movements of (600) (a-axis), (020) (b-axis) and (711) facets in certain regions show
opposite direction compared with the (001) plane, demonstrating a three-dimensional
structural evolution of NVO cathode material upon charge/discharge process. This
revealed behaviour is in contrast to the majority of other reported vanadium bronze
based cathodes for AZIBs which presented coexisting multiphases, reflecting by split
peaks of (001) plane and other highly distinct phase generated. It can be concluded that
the ex-situ XRD measurement of NVO cathode material sufficiently verified its robust

reversibility as adequate host for AZIB applications .
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Figure 2.3.15 Ex-situ XRD characterization of the NVO cathodes upon varied
charge/discharge states, and its corresponding GCD profiles at 0.2 A g,
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A further confimation of observed structral evolution in NVO electrode was carried out
by ex-situ TEM, which clearly presents the significant variation of (004) d-space at each
fully charge/discharge states in concert with previous investigations (Figure 2.3.16).
More explicitly, the relatively small d-space of 0.27 nm indexed to the (004) plane at
the fully discharged state is consistent with an observation of contracted interlayer
spacing along the c-axis, while the expanded (004) plane with d-space of 0.34 nm was
found in the fully charged state of NVO cathode.
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Figure 2.3.16. Ex-situ TEM graphics of the NVO cathode at fully discharged (a, b) and
charged (c, d) states in 20™ cycle

Additionally, ex-situ SEM and EDS were employed to investigate the morphology and
element information of zinc anode after cycling tests. It can be seen that a small amount
of dendrite formed on the surface of the cycled zinc anode with only extra sulfur species
detected by EDS characterization, which is reasonable for adopted zinc sulfate

electrolyte systems (Figure 2.3.17).
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Figure 2.3.17. SEM images on surface of (a) pristine and (b) cycled zinc anode. Related
elemental analysis of zinc anodes are presented in (c) and (d) for pristine and cycled

states, respectively.

Moreover, ex-situ EDS characterizations were also performed on NVO and CVO
electrodes at fully charge/discharge states in 1° and 20" cycles, respectively, which is
exhibited in Figure 2.3.18. Through analysis of the results, the calculated chemical
formulas at each states can be regraded as Nip23V20s-nH2O (pristine),
Nip23ZnV20s'nH,O (1% discharged), Nio.11ZnooV20snHO (1% charged),
Nio.10Zn1.16V205-nH20 (20" discharged) and Nio.11Zno27V20s-nH,O (20™ charged),
respectively. Surprisingly, it is seen that the Ni can reversibly migrate within the host
concurrent with Zn?" insertion/extraction. In contrast, the pristine C0023V20s-nH>O
cathode undergoes dramatic Co content loss after cycling, reflecting with chemical
formulas of Co0023Zn;3V20s5-nH,O (1% discharged), Co00.08Zno20V20s5-nHO (1%
charged), Co00.06Zn1.09V20s-nH,0 (20" discharged) and Co¢.05Zno34V20s-nH20 (20
discharged), repectively. Accordingly, the absence of Co ions in V205 framework within
the cycling tests can result in inevitable irreversible structural evolutions. Hence, an

inferior cycling capbility was observed in CVO cathode.
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Figure 2.3.18. Ex-situ EDS measurements of cycled NVO and CVO cathodes at

varied charge/discharge states.

A further comparsion of structural reversibility between NVO and CVO eletrodes was
achieved by characterizations of ex-sifu Raman spectra on different charge/discharge
states at 1% and 20" cycles, respectively (Figure 2.3.19). The Raman shifts of all
characterized NVO electrode maintained at almost the same position upon different
states except a small split peak appeared at 153 cm! in the fully charged NVO electrode

after 20 cycles treatment. This can be interpreted as a slight loss of nickel “pillars” in
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the host lattice™, giving rise to a weakened interaction and long-range order between
the host layers. Whereas, the equivalent peak in CVO electrode occurs at a lower Raman
shift of 142 cm’!, associated with a notable red shift of the peak from 1006 cm™ to 993
cm’! after fully charged. For the evidence given above, it is seen that ex-situ EDS and
ex-situ Raman results are in concordance with with previous characterizations,
demonstrating that the NVO cathode possess superior robust crystal structure with high
reversibility as Zn?" storage host compared with CVO and other reported vanadium-

bronze based cathodes.
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Figure 2.3.19. ex-situ Raman spectra characterizations of (a) NVO and (b) CVO at

varied charge/discharge states.

In addition to above characterizations of structural and chemical evolutions, NEXAFS
was performed to investigate the electron and coordination configurations of both NVO
and CVO cathode materials (Figure 2.3.20). It is seen that the Ni L-edge NEXAFS
spectrum offers details of electron transition from Ni 2p to 3d. More explicitly, two
main absorption characters of the spit-orbital splitting, i.e. L3-edge (2p3/2 to 3d) located
in range of 850-855 eV; and L,-edge (2p1/2 to 3d) within a sphere of 862-872 eV >7°,
The multiplets in the range of Ls-edge indicates a high-spin Ni?* electronic structure
and almost octahedral coordination configurations for all characterized NVO samples’’.
Moreover, two absorption peaks marked with A (851.4eV) and B (853.4eV) in L3-edge
area stands for the d®L ground state and @’L ground state, respectively. 8798081 The
energy variations of these two peaks associate with Acnergy 0f p-d charge-transfer and d-
p hybridization intensity. #7398 Thuys, the peak B shifts to the higher energy in
discharged NVO material, implying an increase in Acnergy and a decrease in d-p

hybridization, because the two O axial anions in NiOs octahedron are coordinated with
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the V205 bilayers, and the rest of the four anions are shared with inserted Zn*" which
can be affected by additional d-p hybridization between Zn 3d and O 2p and reduced
d-p hybridisation between Ni 3d and O 2p. In addition, the V L-edge and O K-edge are
presented in Figure 2.3.20b, which can be allocated to V 2p3» to V 3d (535-530 eV) of
Ls-edge, V 2;2 to V 3d (520-528eV) of Lr-edge and O 1s to d-p hybridization (above
527eV) 8283848586 Eyrthermore, it is further confirmed that there is a mixed oxidation
states of V4" and V°* in pristine and fully charged samples through observation of V Ls-
edge. Weaker absorption features of V L3-edge and O K-edge in fully discharged NVO
electrode indicate reduced oxidation states of V species with more V**/ V*, which
confirms the previous observation from XPS. Notably, there is a tiny peak around 511.2
eV implying a second order absorption characteristic of Zn Lz-edge, verifying the
existence of Zn species in discharged cathode. Comparatively, it is seen that Co 2p3.
Ls-edge (775-785 eV) and 2p12 Lo-edge (790-795 eV) in Figure 2.3.20c directly provide
the electronic transition from Co 2p to 3d unoccupied vacancy valence state, indicating

77,87,88,89 and

a high-spin Co*" in octahedral polymorph coordinated with O atoms.
further proved by a shoulder peak at 775.8 €V in pristine CVO cathode.®” Nevertheless,
no Co species can be characterized in cycled CVO samples, which is manifested in an
irreversible process of Co species leaching out of V20s frameworks during
charge/discharge reactions. Similar to previous observation of NVO cathode, the results
of the CVO NEXAFS spectra specific to V L-edge and O K-edge are presented in
Figure. 2.3.20d, which clearly clarify the oxidation states changes of V during

charge/discharge process. Therefore, the unstable features of CVO cathode compared

with NVO cathode are sufficiently verified by multiple experimental characterizations.
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Figure 2.3.20. NEXAFS spectra of (a) Ni and (b) V L-edge for pristine, 20" cycles
discharged/charged NVO electrode, respectively. NEXAFS spectra of (¢) Co and (d) V
L-edge for pristine, 20" cycles discharged/charged CVO electrode, respectively.

Although the electrochemical reaction behaviours of NVO electrode have been
comprehensively discussed above, the atomic-level structural evolutions and charge
carriers migration from energy profile perspective are crucial to unravel zinc storage
mechanism. For computational perspective, the standard composition of
Nio25V20s5-H2O was reproduced by DFT calculations with only 1% deviation in lattice

parameters compared with experimental values, which exhibited in Table 2.3.4.
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Table 2.3.4. DFT-calculated structural details of Zn:Nig25V205H>O phases.

Voltage Vol
o
Stoichiometry Zn* Site | AE (eV) per Zn** | a (A) bA) c(A) B *)
\4
Ni0‘25V205'0.74H20
(Expt) 11.7560 3.6490 10.3640 95.03 | 442.88
xpt.
Nio2:V:0<H;0 (DFT) 11.7865 3.6162 (- | 10.2698 041 436.521
o, : .
pasTEETR (+03%) | 0.9%) (-0.9%) (-1.4%)
11.7983 3.6200 10.1520 427.81
Zng0625Ni0.2sV,0sHO | A 2.122 94.27
(+0.1%) (+0.1%) (-1.1%) (-1.0%)
11.8257 3.6228 10.0079 427.81
Zn.125Nio25V205H,0 A +0.000 1.879 93.74
(+0.3%) (+0.2%) (-2.6%) (-2.0%)
11.8432 3.6235 9.9694 (- 426.88
Zn.125Nio25V205H,0 B +0.356 1.701 92.84
(+0.4%) (+0.2%) 2.9%) (-2.2%)
11.8275 3.6292 10.0884 431.79
Zny,125Ni25V205sH, O C +0.692 1.533 94.33
(+0.3%) (+0.4%) (-1.8%) (-2.2%)
11.8129 3.6266 10.0909 429.74
Zny,125Ni25V205sH, 0 D +0.039 1.538 94.81
(+0.2%) (+0.3%) (-1.7%) (-1.6%)
11.8111 3.6431 9.9247 (- 424.65
Zno_25Nio,z5V205'H20 A+A 1.426 93.78
(+0.2%) (+0.7%) 3.4%) (-2.7%)
11.8070 3.6416 9.9376 (- 423.87
Zng 375Nip25V205H,0 A+A+B 1.042 9421
(+0.2%) (+0.7%) 3.2%) (-2.9%)
‘split 12.0570 3.6918 9.5210 (- 423.07
Zny sNip5V,0sH,O . . 1.087 93.33
interstitial’ (+2.3%) (+2.1%) 7.3%) (-3.1%)

Moreover, there are two available channels existing in NVO material viewed along the
b axis (Figure 2.3.21a). Among them, Ni*" occupies half of the sites in the channel,
while there is no species occupy the sites in channel II, offering a path for Zn**
migration along the b direction. Considering a case of small amount of Zn?*
intercalation, four possible Zn*' intercalated sites can be found during the first
discharge of NVO electrode, represented by A-D (Figure 2.3.21b), in which, the Site A
is in channel I and the rest of sites are all in channel II. According to the calculations,
optimized geometries of Zn>* in each sites and their corresponding energy are presented

in Figure 2.3.21c.
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Figure 2.3.21. (a) B3LYP-D3 calculated structure of NVO sample, highlighting
channels I and II. Large/ small red spheres refer to V and O ions, respectively, grey
spheres and blue spheres stand for Ni and Zn ions, respectively; (b) Inserted sites A, B,
C and D for zinc ions on basis of a stoichiometry of Zno.125Nio.25V205-H20. (¢) Local
coordination and corresponding energy of sites A — D; Energy profiles for Zn**
migration along channel I through (d), (e) and (f) pathways, and along from channel II
to channel I through (g) pathway. (h) Stable arrangement of Zn>" at A sites with a
stoichiometry of Zno25Nio.25V205H>O, implying an open accesses channel 11 for further
insertion. (i) Reordered Zn*" with dissociation of partial H>O in Zno 50Nio.25V20s5-H2O.
(j) Demonstration of the geometrical transition between octahedral and “split interstitial’

Zn*" in Zno 50Nio.25V20s-H,0.

It is seen that A and D are the most stable sites with iso-energy (AE = 0.039 eV). At
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these locations, the Zn>* possesses nearly octahedral polymorph and shares edges with
both two NiOs octahedrons and two axial O* in the host layers. In site A, the distorted
0-Zn-O axial bond derives from contraction of interlayer spacing of the host layers,
which is opposite to the linear O-Ni-O bond in channel I (Figure 2.3.22). At location of
D, the rotated adjacent NiOs octahedrons stabilize the Zn** between them (Figure

2.3.23).

Nig 25V205H,0 Zng g625Nig 25V205'H,0 Zng 125Nig 25V,05°H,0
a
P

phOge

ot

axial O-Ni-O angle 178° axial O-Zn-O angle 178° axial O-Zn-0 angle 165°

Figure 2.3.22. Geometry of octahedral Ni*" and Zn?" at A sites with varied
concentrations. (a), (b) and (d) exhibit the positions of Ni*" and Zn?>" ina (4 x 1 x 1)
unit cell; And the relative local geometry of the ions with bond parameters are presented
in (d), (e) and (f); As increasing amount of Zn?* inserted into cell, the lattice parameter
of ¢ decrease as the enhancement of interaction between Zn>" and host layers, and the
there is a distortion of O-Zn-O bond from a linear geometry. Therefore, the intercalation

voltage per Zn is reduced (Table 2.3.3), associated with a reduction of Zn*" stability.
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Figure 2.3.23. Geometry of Zn>' octahedron at D sites with a stoichiometry of
Zn.125Ni9 25V205H2O.

At positions of B and C in channel II, Zn?" octahedrons share edges with three apical
O in the bilayers, and possess either three (B site) or two (C site) bonds coordinated
with H2O in the ab plane. The energy variations between B and C sites is owing to more
favourable coordination with Zn?>" at the B position. Moreover, for the Zn?"
intercalation in each of these positions with forming a stoichiometry of
Zno.125Ni025V20s5-H20, the interlayer spacing (c-axis) shrinks compared to the pristine
NVO material (Table 2.3.3) because of strengthened interaction between Zn** and the
bilayers. This phenomenon is in accordance with the calculation results of Wu et al.”
Investigations of the Zn?* diffusion along channel II at low concentrations of zinc ions

indicate that Zn?" ions must move along the path between the positions in the order of

B—D—B—C—C—B (Figure 2.3.24), and then over again in the next unit cell.
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a pathway 4d pathway 4d pathway 4e pathway 4f

[ k]
Figure 2.3.24. Demonstration of Zn?* diffusion in the structure, viewed along the c axis.
(a) presents Zn>" migrating between sites along channel II. (b) presents Zn>" migrating

from site C (channel II), to site A (channel I).

Figures 2.3.21d-f present energy profiles of the migration pathway. It is seen that even
the maximum activation barrier is below 0.5 eV, for individual jump, which implies
rapid diffusion properties of Zn>" along channel II at room temperature. Additionally,
when viewing the structure along the a-axis, the diffusion path along channel II follows
a “Z-shaped” motif because Zn*" prefer to have a coordination closer to one of the host
layers than the other in respective sites (Figure 2.3.25). In order to occupy channel I,
there is only one path for Zn>" migration, which is from C to A site. Thus, the energy
profile for the migration is shown in Figure 2.3.18g which presents an activation barrier
of +0.563 eV. Nevertheless, the energy barrier for opposite migration from A to C
reaches +1.2 eV, since the A site for inserted Zn>* coordination is more stable than the
C site. This activation energy is hard to overcome at room temperature. Hence, Zn>"
will prefer to accumulate at A site rather than reverse back (Figure 2.3.26). According
to the above description, it is understood that Zn** can move along the entire length of
channel II, and conquer the obstacle to migrate from C (channel II) to A site (channel
I). With successively inserted Zn?>* filling with channel II, the ultimately resulting

stoichiometry can be regard as Zno2s5Nio25V20s5-H,O (Figure 2.3.21h). Meanwhile,
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Zn*" will still be capable of moving along the open channel II, implying a feasibility
for further intercalation. Furthermore, the high reverse barrier for extraction of Zn**
from A site is hardly overcame at room temperature. The experimentally observed
deintercalation of Zn?" (and Ni**) upon charge process must be associated with
structural rearrangement when more charge carrier insert into the cathode material with
a stoichiometry of Zno.25Nio25V20s-H20. Therefore, with structural rearrangement,
Zn*" (and Ni*") will be able to escape from the cathode material after fully charged

treatment.

Overall direction of MOtION e

Figure 2.3.25. Geometry of Zn*" in coherent sites when moving along channel II,
viewed along the a-axis. The apical O* of the host sheets are offset from each other
along the b-direction, so Zn ions in B or C sites coordinate to two O-ions in one layer,
and one in the adjacent layer. The Zn ion resides closer along the ¢ direction to the V205
layer to which it forms two Zn-O bonds. Moving between sites, results in a ‘zig-zag’

migration pathway.

a Zng 55Nig 55V,05°H,0

C 1.892 A

b g 1.900 A
All Zn ions in site A axial 0-Zn-0 angle 158° axial O-Zn-O angle 170°

Figure 2.3.26. Geometry of two Zn*' at A sites with a stoichiometry of
Zno25Ni0.25V205H,0.

In addition to the investigation of low zinc concentrated NVO material, an extension of
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the scope of studies to ZnxNio25V20s5-H>O (x>0.25) was adopted as all A sites have
been filled in this case. More Zn?>* were inserted into channel II generating a new phase
with a stoichiometry of Zng375Nio25V20s5-H20. During the successive intercalation
process, the further contraction of the interlayer ¢ parameter and reduced axial O-Zn-O
bond angle can be observed in Zn octahedrons at the A sites. Finally, the V,Os bilayers
became too tight to maintain octahedral coordination of Zn** within channel I at A sites.
The following structural rearrangement will occur, that is, the Zn>" at A sites will
transform along the a axis orientation, bonding with two O in one host layer, and one

O? in the adjacent layer (Figure 2.3.27).

a Zng 375Nig 25V-05-H,0 b site A in C displaced site in
Zng 25Nig 25V,05°H,0 Zng 375Nig 25V,05-H,0

Zn ions displaced from site A axial O-Zn-0O angle 158° 0-Zn-0 angle 109°

Figure 2.3.27. Geometrical transition of Zn?' migrating from a stoichiometry of
Zno25Nig25V205H2O to Znp375Nio25V205H20. (b) Continuous contraction of the
interlayer space ¢ causes an growing distortion of the axial O1-Zn-O2 bonds in Zn>*
octahedron. Eventually, (c) resulting in displacement of Zn>" along the a axis with loss
of two coordination with O* along horizontal interlayer direction, but additional

coordination with O5% in one of the host layers.

With further increasing Zn species in NVO electrode with a stoichiometry of
Zno5Nio25V205-H20, two Zn ions will occupy a position between the A sites instead of
only one Zn>*, thus forming a "split interstitial" geometry as a stable configuration
(Figure 2.3.21h). The new coordination environment of Zn** geometry can increase the
energy of Zn** and reduce the activation barrier for migration in comparison with the
most stable insertion sites.”! Hence, the "split gap" Zn** ions may move in the structure
and can be extracted during charge through an interstitial mechanism.

Moreover, when the stoichiometry of NVO cathode material reaches to
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Zno5Nio.25V20s5-HoO, the DFT calculations suggest that there is some dissociation of
interlayer HoO which will occur in the host interlayer space (Figure 2.3.21f). This result
was also provided from both previous DFT calculations® and FTIR spectroscopy
investigations of solvated protons in V20s-nH,O gel.”> However, it is too complex to
evaluate fully discharged structure of NVO cathode material via DFT methods because
of dissociated water from frameworks. Through reviewing the experimental XRD
results in Figure 2.3.15, the expanded interlayer space (10.8A) of the fully discharged
electrode was observed compared to that of the pristine material (10.3A). From DFT
perspective, it is only observed that the gradual shrinkage of the interlayer ¢ parameter
with further adding Zn*"* into the host lattice (Table 2.3.3), but it should be clarified that
the intercalation of Zn*>* was only considered to form a cathode material with a
stoichiometric of Zno sNio.25V205-H20, which is only about half concentration of zinc
species in fully discharged NVO sample observed from the EDS analysis. Beyond this
point, it could be speculated that the interlayer spacing will begin to expand again. This
hypothesis could be verified by a DFT calculations form Wu et al, where the results
exhibit a shrinkage of the unit cell volume for Zn,V>0s-H>0 (0<x<0.5), and followed
by an expansion when x>0.5 in ZnxV20s5-H20. The results are in agreement with the

investigations from DFT and experimental structural evolution results.
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In addition to the DFT simulations, the macroscopic 3D-morphology of the as-
fabricated NVO electrode was characterized by X-ray micro-computed Tomography
(Figure 2.3.28a). It should be emphasized that the examined electrode was a slice of
hydrophilic carbon paper printed with a mixture of NVO active material, binder and
conductive agent (see details in experimental section). It is seen that a tough thin layer
of the mixture sites above the carbon matrix. Furthermore, a close-up area within the
reconstructed virtual slice in Figure 2.3.28b shows a fine microstructure of solid phase
of electrode and the tiny hole, which exceeds the capability of imaging resolution from
X-ray micro-CT. Hence, in order to capture all the details of the as-prepared electrode,
a higher resolution (nano-CT) was performed, and the result is shown in Figure 2.3.28c.
It is observed that different phases of NVO (light gray), hole (black), and carbon (dark
gray) are easy to be distinguished. After using thresholding segmentation to extract the
pore phases based on the grey scale level, the pore phase with color-coded pore size
distributions can be visualized through skeletonization of the virtual slice (Figure 6d),
from which it can be seen that a complex 3D structure and wide distribution of pore
sizes in electrode. Moreover, Figure 2.3.28e shows the streamline of simulated diffusion
flux according to the reconstructed pore structure. From above results, the measured
porosity € is 0.18, and the calculated tortuosity factor is 2.57, which provide an effective
diffusion coefficient of 0.07, indicating a superior reactant transport capability of as-

fabricated NVO electrode compared with those in the LIBs.”?
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20pm Q 7.5um 10 ym

|
Figure 2.3.28. Multi-length scale characterization of the as-prepared NVO electrode.
(A) 3D reconstructed NVO electrode by X-ray micro-CT; (b) Virtual slice of close-up
area in the electrode; (¢) 3D reconstructed NVO electrode by X-ray nano-CT; (d) Pore
phase skeletonized for exhibition of local pore size distribution with colour; (e)
demonstration of the flux distribution upon diffusion simulation via the streamline on

basis of the reconstructed pore morphology.

2.4 Conclusion

Highly porous hydrated 5-Nio.25V205 micro-ribbon was successfully synthesized by a
simple single-step hydrothermal method. Through comprehensive characterizations on
electrochemical features, it was found that the as-obtained NVO cathode material
possesses a highly reversible capacity of 402 mAh g at current density of 0.2 A g’!,
and superior cycling stability of 98% capacity retention after 1200 cycles at 5 A g”'. The
following adopted multi-scale experimental characterization techniques and DFT
simulations sufficiently elucidate the Zn** (de)intercalation mechanism within the
electrode. Most importantly, it is the first attempt to reveal the atomic-level arrangement
on the basis of Zn** migration and accommodation characteristics in the vanadium
bronze cathode, highlighting the crucial correlation of the pre-inserted ions and the host
layer frameworks on varied electrochemical performance and structural evolutions,

which proposed routes to rationally design high performance vanadium bronze type
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cathode for AZIBs applications with well defined microstructures and electrochemical
behaviours. Moreover, combining structural benefits from the self-template
mesoporous nanobelts NVO material, and equipped hydrophilic porous carbon paper
as current collector, this effectively boosted the charge carrier diffusion kinetics via
optimized interfacial reactions. Meanwhile, the outstanding structural configuration
with high reactant transport within the as-fabricated electrode successfully verified by

X-ray nano CT technology is the first time to be adopted in investigations of AZIBs.
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Chapter 3

Defected vanadium bronzes as superb cathodes

in aqueous zinc-ion batteries
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3.1 Introduction

The widespread concerns of limited natural resources, safety and environmental
impacts of conventional energy storage technologies have triggered plenty of
researches on sustainable battery systems to meet the emerging global market
demands.! Alkali metal-ions batteries have made impressive progress on improving
safety by introducing all-solid-state>* or water-in-salt electrolyte*> approaches, but the
resulting specific capacity is still insufficient (<200 mAh g!). Meanwhile, the relatively
poor ionic conductivity of those invented electrolytes with high cost are critically
impeding their practical applications.®”®? AZIBs are the most promising candidates for
bringing sustainable revolution on novel energy storage technologies. This is owing to
many merits of metallic zinc anode and low-cost natural/mild acidic zinc salts aqueous
electrolytes such as high theoretical capacity of 820 mAh g!, adequate redox potential
of -0.76V vs. SHE and superior ionic conductivity. These features endow AZIBs with
competitive performance, especially for large-scale EES and portable electronic
devices!®!!. Nevertheless, due to the relatively large ionic radii of the hydrated Zn>*
and strong electrostatic interaction of divalent zinc species, there are still many
prominent challenges existing in particular to designing competent cathode
materials'>!*. Until now, various cathode materials have been investigated for AZIBs
applications.'* Among them, vanadium oxides present a relatively high theoretical
capacity (> 300 mAh g'!) owing to the active redox states of V (I to V) upon the zinc
insertion/extraction reactions.'® In addition, the majority of vanadium oxides possess
2D crystal structures which can deliver capacious accessible channels for rapid charge
carriers diffusion.'®!7!® Furthermore, layered structures can be deliberately tailored by
pre-inserted foreign cations to form novel host with enlarged interlayer space and

192021 “such as metal dichalcogenide?, 5-MnQO,%,

distinct physicochemical properties
and vanadium bronzes®*. Various attempts based on vanadium bronzes cathodes have
been reported, which still suffer from irreversible phase transformation or electrostatic
induced structural collapse, corresponding to unfavourable cycling stability and rate
performance.”®> Moreover, although the well-proven enhancement of battery
performance achieved by cathode-electrolyte interface optimization was extensively
investigated in LIBs, similar studies in AZIBs are still rather rare.?¢?’ Additionally, the

introduction of lattice H»O molecules into vanadium-based cathodes for AZIBs has

been verified with a dramatic reduction of Zn** effective charge through generating a
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shielding layer of hydroxyl groups and/or water molecules which can improve the
interaction with an aqueous medium. Therefore, the activation energy required for
interfacial transfer becomes lower with electrostatic interaction.?®>%3%31:32 Meanwhile,
there are limited reports on vanadium based cathode with a suggestion of tailored
electronic/micro-structure to promote charge transfer properties by introducing oxygen
defects.?*** Hence, it is essential to develop a general route to overcome the inherent
deficiencies of the vanadium-bronze cathodes and further unlock the energy storage
mechanism, so as to further improve the battery performance for satisfying practical
applications.

In this work, abundant defects (i.e. oxygen defects, ammonium ions and lattice H.O
molecules) have been introduced into a V2Os host, which was further etched by fluoride
during the preparation. The resulting novel oxygen-deficient hydrated ammonium
vanadium bronze (Og¢-NHVONH;0) possesses highly different electrochemical
properties and microstructures compared with conventional ammonium vanadium
bronze, NH4V4O10 (NHVO). Hence it was adopted as a cathode for investigation for
AZIBs. It is seen that the deliberately tailored O¢-NHVOnH>O have a large specific
surface area and expanded interlayer space which effectively boosts Zn*" diffusion
kinetics not only within inside of the solid phase, but also at the interface between
cathode and aqueous electrolyte. Additionally, enriched structural defects also tuned
electronic structures which were verified to attenuate ionic diffusion energy barriers in
this study significantly. Therefore, the corresponding as-fabricated Oq-
NHVOnH>0//Zn batteries exhibited a specific capacity of 435 mAh g at 0.2A g’!, and
a cycling capability of 106.5% capacity retention after 1500 cycles at 10A g'!. Notably,
the O4-NHVOnH;O presents a significant improvement of rate performance from 19%
in original NHVO cathode to 43% of the capacity retention when the current density
was increased 28 times from 0.5A g to 14 A g'!. Moreover, both experimental and
computational methods have been performed to elaborately clarify the two-pronged
approaches combined with oxygen deficiency and interplanar engineering for
enhancement of zinc storage mechanism, which offers a universal strategy for
designing high-performance vanadium oxides cathodes and provides deep insights into

exploring synergy of oxygen deficiency and pre-inserted "pillar" functions.
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3.2 Experimental section

3.2.1 Material synthesis

Both NHVO and O¢-NHVOnH>O were synthesized by a single-step hydrothermal
reaction, but the amount of reduction reagent and extra additive in precursor were
varied in each cases. In a typical preparation process of NHVO, 5 mmol NH4VO3 was
dissolved in 30 mL deionized water, following a vigorous stirring for 10 minutes at
ambient environment. Then 2 mmol of oxalic acid was dissolved into the previous
solution with extra stirring for 30 minutes. 6 mmol of oxalic acid and 1 mmol of NH4F
were successively added into same concentrated NH4V O3 solution for preparing Oq-
NHVOnHO. Finally, both of two as-obtained solutions were transferred to a 50 mL
Teflon autoclave, respectively, along with heat treatment of 180°C for 6 hours in the
air-circulated oven. The resulting bronze-colour precipitates were washed several times
with D.I. water and ethanol, collected by centrifugation and dried in a freeze-drying

machine for 2 days.

3.2.2 Characterizations

FT-IR spectrum was carried out by Attenuated Total Reflection Fourier Transform
Infrared spectrometer (ATRFTIR, BRUKER, Platinum-ATR), and All X-ray diffraction
(XRD) plots were examined by a Mo Ka radiation source (A = 0.7093A) STOE
SEIFERT diffractometer. The detected angle 20 was selected from 2° to 45°. In addition,
the morphology of the as-prepared samples were characterized by scanning electron
microscope (SEM, Carl Zeiss EVO MAI10), and microstructures information was
attained by transmission electron microscope (TEM JEOL, JEM-2100). Moreover, the
chemical states with elemental details are measured by X-ray photoelectron
spectrometer (XPS, Thermo Scientific K-a photoelectron spectrometer with Al source).
The resulting XPS data were analysed by Casa XPS software, and the adventitious
carbon was calibrated with a binding energy of 284.8 eV. After that, the peak areas were
fixed according to a ratio of 1:2 for the 2p12 : 2p3.2 in each valence states, and FWHM
of the corresponding peaks ( 2pi12 and 2ps3») maintained the same length during
deconvolution process. Meanwhile, the distance between two peaks of 2pi» and 2ps»
for each valance states and elements were adjusted according to literature.
Thermogravimetric analyzer (TGA) (PerkinElmer TGA 4000 System) was carried out

to evaluate weight loss during annealing process in N> atmosphere.
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3.2.3 Electrochemical evaluations

The CR-2032 coin cell was implemented as a two-electrode testing device for battery
performance evaluations. In addition, Swagelok cells were employed for all CV, EIS
and ex-situ structural/chemical evaluations. The cathode electrodes was manufactured
through mixing as-prepared active materials with polyvinylidene fluoride dissolved 1-
Methyl-2-pyrrolidinone solution (binder, Sigma-Aldrich) and Super-P (conductive
agent, Sigma-Aldrich) in a ratio of 7:1:2. Then, the as-obtained slurry was printed on a
hydrophilic carbon matrix, and following transferred to a vacuum oven for drying at
70°C for overnight. The dried electrodes were cut into a disc with 14mm diameter and
then weighed by an electronic analytical balance (Ohaus; & = 0.01mg). The weighted
loading mass of the active material is about 1.5-2.5 mg cm™ with thickness of 250-
350um printed on carbon paper. For other component in aqueous zinc ion batteries, zinc
metal foil (99.9%) was directly utilized as anode without further treatments. The
aqueous electrolyte was prepared by directly dissolve Zn(CF3SO3)> (Sigma-Aldrich)
into D.I. water forming a 3M zinc salt solution. Moreover, glass fiber (GF/A, Whatman)
was cut into disc with 18mm diameter as the separator. Finally, the CV, EIS and battery
performance measurements were evaluated by the VMP3 biological potentiostat and

Neware instruments, respectively.

3.2.4 DFT Calculation

The calculation of density functional theory (DFT) was achieved in collaboration with
Dr. Ningjing Luo and Professor Guoliang Chai. The simulations were carried out by
utilizing VASP (Vienna ab initio simulation package).**® The exchange-correlation
function was achieved by the generalized gradient approximation (GGA) of Perdew—
Burke—Ernzerhof (PBE)*’. N, O, H, and V adopted a valence electron configuration of
2s22p°, 2s22p*, 1s! and 3p®3d°4s!, respectively, provided by the projector-augmented-
wave (PAW) potentials.*® Moreover, the cut-off energy of plane-wave basis was
regulated at 520 eV. To avoid the influence of periodic boundary conditions, oxygen
vacancies from defect calculations were modelled by a NH4V4O10 supercell of 1x3x1.
Additionally, in order to integrate the strong Coulomb repulsion of partially filled
valence d shell of vanadium atoms, Ue= 3.0 eV (J=0 eV) based on simplified GGA+U
method were adopted according to the literature.’® The optB86-vdW functional, an

106


https://www.chembk.com/en/chem/1-Methyl-2-pyrrolidinone
https://www.chembk.com/en/chem/1-Methyl-2-pyrrolidinone
https://pubs.rsc.org/en/results?searchtext=Author%3AGuoliang%20Chai

optimized exchange van der Waals functionals, were equipped to combine the van der
Waals interactions in the systems.*’ All the atoms coordinates were fully relaxed until
the magnitude of forces were less than 0.02 eV / A per atom.

In order to evaluate the mobility of Zn>" in the perfect and oxygen-defective NHVO,
the climbing-image nudged elastic band method (CI-NEB) was also applied to
determine the diffusion barrier. Furthermore, to characterize all transition state

structures, the vibrational frequencies were calculated.*!

3.3 Results and discussions

The preparation of NHVO and Og-NHVO1nH2O cathode materials was realized by a
facile hydrothermal reaction. The additional amount of oxalic acid and NH4F additive
was utilized to synthesize Oqg-NHVOnNH;0 generating significant morphological
changes from flower-like architecture to urchin-like nanobelt, compared with the
original NHVO sample (Figure 3.3.1a,b). Similarly, in contrast to the observed
microstructure of NHVO sample from TEM image in Figure 3.3.1c, the TEM
characterization of Og¢-NHVOnNH2O presents a highly porous motif with
distinguishable lattice fringe indexed to the (205) crystal plane, which is shown in
Figure 3.3.1d. The porosity may be attributed to the synergistic effect of reducing agent
and NHF in precursors, which provide enriched defects and etched microstructure.*>*
In order to further examine the porosity of the as-obtained samples, BET
characterization was performed, which critically unravelled a relatively high specific
surface area of 57.1 m? g”! for O4-NHVOnH>O sample in comparison to that of NHVO
with 20.6 m? g'!. Additionally, there is a dominant pore diameter of 2 nm characterized
by pore size distribution (Figure 3.3.3a,b), which is in good agreement with the results

observed from the HRTEM image in Figure 3.3.1d.
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Figure 3.3.1. SEM results of a) NHVO and b) O¢-NHVOnH>O; HRTEM of as-
prepared ¢) NHVO and d) O¢-NHVOnH>O, respectively.

Furthermore, the XRD characterization in Figure 3.3.2a indicates that the as-obtained
NHVO sample matches well with standard pattern indexed to monoclinic
crystallographic phase of NH4V4019 (JCPDS: 31-0075) in the C»/m space group, which
is comprised of V2Os bilayers stacking along <001> (¢ axis) direction and pre-inserted
ammonium ion within the interplane as ‘pillar’.** Comparably, O¢-NHVOnH-O has a
similar diffraction pattern with notable specific characteristics which can be indexed to
the same crystalline phase as observed in NHVO sample, but a slight shift of the (001)
peak to the lower degree (3.9') was observed, corresponding to an enlarged interlayer
spacing of 10.4 A in the O;-NHVONH>O sample compared with 9.6 A of the as-
obtained NHVO. In addition, commercial V205 (JCPDS: 41-1426) was also employed
as a comparable sample to investigate the effects of pre-inserted NH4" in V2Os host on
electrochemical behaviours for AZIBs applications. Figure 3.3.2b shows the
comparison features of the FITR spectra for NHVO, Og-NHVO1nH>O, and commercial
V1,05 samples, respectively. It is seen that the absorption bands for different materials
possess numerous similar vibration modes which refer to V-O bending, V-O-V and V=0

stretching modes at wavenumbers of 472 cm™, 756 cm™ and 987 cm for Og-
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NHVO~NH-O, respectively.**¢ Accordingly, similar features of 454 cm™, 744 cm™ and
945cm™ were detected for NHVO, respectively. Moreover, the relatively higher
characterized absorption bands at 999 cm™! in commercial V205 compared with the two
as-prepared samples can be interpreted as absence of pre-inserted cations coordinated
with apical oxygen resulting in a more intense V=0 band. This result is consistent with
the observation of the axial expansion of the (001) d-space from the XRD
characterizations, and is also in accordance with previous FTIR studies of Li* pre-
inserted V20s5.%” In particular, the absorption bands at 1412 and 3177 cm™! correspond
to the symmetric bending mode and asymmetric stretching modes of NH4",
respectively,* confirming the presence of NH4" in both NHVO and O4-NHVOnH>O
samples. In addition, it is also observed that there were two notable bands at 1644 and
3556 cm’! associated with the bending and stretching vibration modes of H-O,

respectively,*® which imply that H,O molecules exist in O¢-NHVOnH-O.
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Figure 3.3.2. (a) XRD plots and (b) FTIR spectra of NHVO, O4¢-NHVOnH>O and

commercial V20s, respectively.

Moreover, TGA was performed to examine the weight loss during temperature increase.
It should be emphasized that not only H,O molecules, but also partial NH4" hydrolyzed
species can escape from the framework during the heat treatment. Hence, it is hard to
acquire the precise amount of H>O content from the TGA characterization. However,
the TGA curves in Figure 3.3.3c illustrate that the weight loss of the O¢-NHVOnH,O
sample is greater than that of NHVO. Electron paramagnetic resonance (EPR; Figure
3.3.3d) further confirms the evidence of enriched oxygen deficiency in Og-
NHVOnHO sample, reflected as the distinct signal in the spectrum at g~ 1.98 assigned

to the V#* species resulting in unsaturated oxygen (oxygen vacancies) in the lattice. The
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EPR result is in agreement with reported reduced vanadium(V) compound with oxygen

vacancies in the literature.*®
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Figure 3.3.3 a) N; adsorption-desorption isotherm (yellow: Og-NHVO'nH>O, dark blue:
NHVO) b) and corresponding pore size distribution measurements (light blue: Og-
NHVOnH:O, red: NHVO). ¢) TGA analysis and d) EPR spectra of as-prepared NHVO
and Og-NHVOnH2O samples, respectively.

Additionally, the XPS result also suggests the presence of NH4" for both NHVO and
O4¢-NHVOnH2O0 from the N1s core level spectrum characterizations, which are shown
in Figure 3.3.4a. In order to quantitatively analyse the elemental N concentration in the
as-obtained samples, the relative sensitivity factors were adopted to calculate the
variation of NH4" species, revealed by a ratio of N:V, that is, a ratio of 1:3.94 and 1:3.9
for NHVO and O¢-NHVOnH;O, respectively. It shows the negligible change of
nitrogen concentration after specific treatments in the preparation. Moreover, the V 2p
core energy level spectrum exhibits a hybrid valance states compared with commercial
V205 (Figure 3.3.4b), which illustrates a partial reduction of V' oxidation states on
introducing pre-inserted cations into the V2Os frameworks. More explicitly, the peak at
a binding energy of 517.3+0.2 eV in all characterized samples is designated to V" 2p3,

whereas the peak with a lower binding energy of 516.1 eV can be indexed to V** 2ps,
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which only occur in NHVO And O¢-NHVONH>O samples. This suggests similar
oxidation states of V species observed in previous reported studies on vanadium
bronzes.*®%3! In addition, the average valance states of vanadium was calculated on
the basis of the ratio of each V species peak areas showing that a relatively higher
oxidation state of V4’ (NHVO) compared with V*% (04-NHVOnH-0). This result
confirmed our assumption of oxidation states, since more reducing agent (oxalic acid)
was used in the precursor, resulting in more oxygen defects with evident reduction of
the V oxidation states in O¢-NHVOnH>O, which will be further discussed in the DFT
calculations (vide infra). Figure 3.3.4c presents the O 1s core level energy spectra of all
samples. It is worth noting that both O¢-NHVOnH20 and NHVO possess obvious
defective oxygen species peaks at a binding energy of 531.6 eV, which is consistent
with previous reported oxygen defects in vanadium oxides.>>>**% In addition, the
proportion of defective oxygen concentration in O¢-NHVOnH>0 and NHVO samples,
respectively, is calculated as a ratio between two oxygen species, i.e. Odefective: Ovanadyl
and were 27:73 and 43:57 for NHVO and O4-NHVOnNH:0, respectively, which
indicates more enriched oxygen deficiency can be achieved by simple manipulation of
the reducing agent concentration in this case. Moreover, it should be emphasized that
there is no trace of F species detected from XPS characterizations of the survey and

core-level spectrum of the F 1s in NH4F treated O¢-NHVOnH>O sample (Figure 3.3.5).
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Figure 3.3.4. SEM results of a) NHVO and b) O¢-NHVOnH,0; ¢) HRTEM of as-
prepared O¢-NHVOnNH:20; d) XRD plots and e) FTIR spectra of NHVO, Oqg-
NHVOnH20 and commercial V,0s, respectively; XPS spectra of the f) N 1s, g) V 2p
and h) O 1s in NHVO, O¢-NHVOnH>O and commercial V,0Os, respectively; i) The
calculated most stable geometry of NH4V4Oio supercell according to GGA+U

functional.
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Figure 3.3.5. a) XPS survey spectrum of O¢-NHVOnH;0 and its b) core level

spectrum of F 1s.

112



However, it is crucial to incorporate additional NH4F in the precursor, which is
responsible for not only generating a highly porous microstructure by etching effects,
but also for adjusting the pH value in the aqueous solution during the hydrothermal
reaction (Figure 3.3.6). As a result, it is seen that an impurity phase was observed in the
XRD pattern, shown in Figure 3.3.6, where a control-group sample of O¢-NHVOnH,O
was prepared by the same recipe but excluding NH4F as an additive. Additionally, the
partial occupancy of N sites can lead to numerous potential NHVO microstructural
geometries. Therefore, 1 x 3 x1 super pixel of NHVO was constructed for DFT
calculation, based on our calculations of total energies on various configurations of
simulated NHVO. Accordingly, Figure 3.3.11 illustrates the structure with the lowest
total energy, in which the N-H...O hydrogen bonds derived from three NH*" were
coordinated with adjacent O atoms in V20s bilayers (more discussion in the DFT

section).
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ithout NH4F
NHVO 04-NHVOnH,0 wirhod
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Figure 3.3.6. pH values of varied precursor solution: NHVO, O¢-NHVO1nH>0 and Oq-
NHVOnH20O without adding NH4F, respectively.
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Figure 3.3.7. XRD patterns of as-obtained O4¢-NHVOnH20 and O¢-NHVOnNH;O

without adding NH4F.

In addition to the characterizations of the pristine samples, the NHVO, O¢-NHVOnH>0O
and commercial V2Os samples were fabricated into coin-cell and Swagelok-cell
configurations for electrochemical property evaluations. Figure 3.3.8a shows GCD
profiles of NHVO and O4-NHVOnH>O at various current densities from 0.5to 14 A g
! The distinct plateaus in the charge/discharge curves can be distinguished with specific
potentials, which are in consistent with the multiple redox pairs positions observed in
CV curves during anodic/cathodic reactions (Figure 3.3.8b). In addition, it is seen that
there are relatively steady changes of the GCD profiles and CV patterns during the first
three cycles in O¢-NHVOnNH>0 compared with those of NHVO, which suggest a higher
reversibility of Zn** (de)intercalation in the O¢-NHVOnH,O cathode material.
Moreover, a further study on long-cycling stability of O-NHVONH>O electrode at a
low current density of 0.2 mA g™! was conducted, also exhibited a better performance
compared with NHVO electrode, that is, the maximum specific capacities are 405 mAh
g! and 435 mAh g! for NHVO and O4¢-NHVOnNH>O electrodes, respectively,
corresponding with the long-cycling stabilities of 86% and 92% capacity retention after
50 cycles for NHVO and O4-NHVO'nH;O electrodes, respectively. Meanwhile, both of
the cathode materials presented >99% Coulombic efficiency (CE) during GCD

measurements. This could be interpreted as a sluggish insertion kinetics of Zn" in the
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commercial V205 electrode owing to a lack of “lubricants” (lattice HO/NH4")** and
inadequate interlayer space. Moreover, the rate performance was characterized by
stepwise increasing of the applied current density from 0.5 to 14 A g! and
eventually back to 0.5 A g! with 10 cycles at each step (Figure 3.3.8d). Notably, Oq-
NHVONH>O electrode presents remarkable rate capability and reversibility, which
reflect as specific capacities of 406 mAh g™! at 0.5 g”! in the initial steps and 175 mAh
gl at 14 A g, retaining 43% specific capacity after 28-fold rise in current densities.
Meanwhile, when the applied current density returns to 0.5 A g”!, the specific capacity
still remains at 401 mAh g™! in the last 10 cycles, which indicates a robust reversibility
compared with the majority of reported vanadium based cathodes for AZIBs,>7-38-59:60-61
On the contrary, NHVO electrode exhibits inferior rate capability reflecting with a
specific capacity of 382 mAh g at 0.5 A g! and 71 mAh g! at 14 A g'!. From the
results, only 19% specific capacity was retained, suggesting relatively large energy
barriers, which can inhibit the rapid diffusion of Zn?*. Additionally, in the case of a
current density of 10A g™, superior reversibility and high capacity retention have been
verified in both O¢-NHVOnH>O and NHVO electrode after 1500 cycling
measurements (Figure 3.3.8e). More explicitly, it is seen that both NHVO and Og¢-
NHVOnNH;O electrodes present negligible capacity degradation with specific
capacities of 244 mAh g! and 138 mAh g! for the last cycle for O-NHVOnH>O and
NHVO electrodes, respectively.
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Figure 3.3.8. a) GCD profiles for NHVO and O4-NHVOnH;O electrode measured at
different current densities; b) CV curves of NHVO and O4-NHVOnH>O electrode at a
scan rate of 0.2 mV s for the first three cycles; ¢) Cycling stability measurements of
NHVO and Og-NHVO'nH:O cathodes at 0.2 A g''; d) Rate performance of NHVO and
04¢-NHVOnH>O batteries; e Cycling stability measurements of NHVO and Og-
NHVOnNH;O electrode at 10 A g™,

In contrast, the battery equipped with cathode material of commercial V;0s
experienced a long-term activation process with a gradually raised specific capacity
from 109 mAh g! at initial cycle to 256 mAh g™ at 25" cycles (Figure 3.3.9a). Similarly,

in Figure 3.3.8b, it can be seen that the unfavourable rate performance was attained in
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commercial V,0s electrode, where the battery suffers from both poor specific capacity
and longstanding activation. Furthermore, long-cycling stability evaluation of
commercial V20s electrode illustrates a much longer activation period along with
unsatisfied specific capacity performance during 1500 cycling measurement (Figure
3.3.9¢). Consequently, the demonstrated results above sufficiently indicate that the Oq4-
NHVOH>0 cathode material possesses superior specific capacity and improved long-
cycling reversibility under varied GCD treatments, which could be attributed to the
promoted Zn** diffusion kinetics derived from the highly porous structure and
introduced lattice defects. Moreover, deliberately introduced lattice HoO molecules and
NH4" not only provides a charge shielding screen to alleviate the electrostatic
interaction between the host sheets and the divalent charge carriers, but also contribute

to expansion of the double-layer structures and inhibits "lattice breathing".?3-%?
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The Ragone plot (Fig. 3.3.10) illustrates that the Og-NHVOnH>O electrode possesses
a energy density of 288 Wh kg™ and a power density of 358 W kg™! based on calculation
from the mass of cathode material, which outperform many previous reported cathodes,
such as 6-Zno25V20s nH20 (250 Wh kg1)*°, KoVsO021 (222.3 Wh kg!)%3, §-Cag25V20s
nH,0 (267 Wh kg%, Na3V2(PO4).F3 @ C(97.5 Wh kg%, Zn3V,07(OH),2H,0
(214 Wh kg% and Zn,V,07 (166 Wh kg™)®".
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Figure 3.3.10. Ragone plot of as-prepared Og-NHVOnH>O and NHVO electrodes
compared with other reported cathodes for AZIBs,”#%101LI213.14.15.16.17

In order to study the inherent cycle-dependent ion transport characteristics of the as-
prepared electrodes, EIS was performed to determine the combined ohmic resistance
(Rs) and charge transfer resistance (R¢) in the initial and cycled states. By analysing the
EIS diagram in Figure 3.3.11, a relatively lower Rs of NHVO (0.64 Q) and Oq-
NHVOnHO (0.68 Q), respectively, was observed compared with measured
commercial V>0s electrode (Rs=1.93 Q) (Table 3.3.1), which can be interpreted by
enhanced electronic conductivity benefited from tailored electronic structures by pre-
inserted ions. Additionally, the Ree of O¢-NHVONH>0 (33.4 Q) at the pristine state
indicates a significant improved charge transport kinetics at the interface between
electrode and electrolyte, compared with that of as-fabricated NHVO (Rt =128.8 Q)

and V>0s batteries (Ret = 186.2 Q) evaluated under identical conditions. The results
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confirm a dramatic electrochemical improvement through interfacial engineering, such
as high porosity, hydroxyl-functionalized surface and structural defects, on Og-
NHVO~H;O. Furthermore, even after cycling treatments, the R of O¢-NHVOnH>O
(22.5 Q) electrode also shows better feature than those of both NHVO (52.6 QO ) and
commercial V205 (128.8Q) electrodes, which further verifies its highly electrochemical
reversibility with superior ionic diffusion kinetics benefitting from pre-intercalation and

defects strategy.
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Figure 3.3.11. a) The equivalent circuit of fitted EIS. b) EIS of NHVO, Og-

NHVOnNH20O and commercial V20s at pristine and after GCD cycling treatment,

respectively.
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Table 3.3.1. EIS parameters

NB: (Rs: Combined internal resistance, Rct: Interfacial charge transfer resistance)

NHVO before 0.64 128.8
NHVO after 2.78 52.6
04¢-NHVO'nH:O before 0.68 33.4
04¢-NHVOnH:O after 2.20 22.5
Commercial V205 before 1.93 186.2
Commercial V20s after 1.56 33.6

In addition, the capacity contribution was evaluated from calculation of capacitive- and
diffusion-controlled reaction behaviours on NHVO and O¢-NHVOnH>O electrode,
which is shown in Figure 3.3.12. The quantified CV curves and resulting diagram
(Figure 3.3.12a, b) obviously demonstrate that a 74% capacitive contribution among
the whole current response was attained in Og-NHVOnH>O electrode at a sweep rate
of 0.5 mV s!, which is higher than 43% capacitive contribution observed in NHVO

electrode at the same scan rate (Figure 3.3.12c, d).
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Figure 3.3.12. a) CV curve of the O¢-NHVOnH-O electrode at scan rate of 0.5 mV s°!
illustrating a capacitive contribution (blue region) among total current response; b) the
proportion of capacitive- and diffusion-controlled contributions of the as-prepared Og-
NHVOnH:O electrode; ¢) CV curve of NHVO electrode at scan rate of 0.5 mV s-1
presenting a capacitive contribution (yellow region) among total current response; d)
the proportion of capacitive- and diffusion-controlled contributions of the as-prepared

NHVO electrode.

Likewise, there is a trend of increasing fraction of capacitive contribution along with
the scan rates rise from 0.1 to 1 mV s in the two electrodes. From the results, the
predominant capacitive-controlled Zn** storage behaviour of O;-NHVOnH-O cathode
material is responsible for the observed superior rate performance, compared with other
as-obtained materials. The evolutions of reaction behaviour from CV profiles were
performed by the equation shown as follows: %
I=al®

The above equation is adopted to illustrate reaction behaviours of varied redox pairs
from CV profiles, which reflect as the coefficient b values, i.e. b = 1 refers to capacitive

response, and b= 0.5 stands for absolute diffusion-controlled Faradaic (de)intercalation
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behaviour.®” Hence, the three redox pairs was selected for calculation, and the results
are shown in Figure 3.3.13, More explicitly, the b values of Og-NHVOnH>O electrode
are 0.71, 1.01, 1.04, 0.88, 0.76 and 0.75, corresponding to marked redox peaks,
suggesting ubiquitous surface related capacitive reaction rather than the relatively low
b value of NHVO electrode (0.33, 0.98, 0.92, 0.62, 0.77, and 0.71), indicating a
diffusion-controlled behaviour in the NHVO electrode. Furthermore, according to the
CV curves at each scan rates, the overpotential gap of O¢-NHVOnH>0 electrode
between the peaks of AI(A2) and C1(C2) redox pairs are smaller than those in NHVO
electrode, which correspond to a relatively strong polarization along with an inhibited
(de)intercalation of Zn** in NHVO compared with O¢-NHVOnH,O material.
Accordingly, it is worth evaluating their diffusion kinetics from an experimental
perspective, thereby strengthening the evidence of enhanced kinetics through micro-

/electronic-structural optimizations of O¢-NHVOnH-O.

a s ——0.1mVs" b . 4 ——0.1mVs"
H A2 /)\ —o2mvs" 24 04-NHVO nHZO( A2 T 0.2mvs"
o NHVO 0.3mVs"' Al ‘ 0.3mVs"
— ] “ \ — — & -1
< / < .| .y 0.4mVs
E E
- 0.5 -
< <
g e .
3 oo 3
0.5 - A4
1.0 T T T T r r r 2 r : r r T T T
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Voltage (V vs. Zn?*/Zn) Voltage (V vs. Zn?*/Zn)
0.4
C = A1 b=0.33(3) do0.4]= Aatb071(3)
o A2b=0.98(2) e A2b=1.01(0)
0.04 » A3b=0.92(1) s A3 b=1.04(5)
] v c1b=0.62(2) 0.0 v c1b=0.88(2) =
= s C2b=0.77(1) = + C2b=0.76(1) —~
® 0.4 C3b=0.7103) B C3 b=0.75(4) _
5 .04
5 3
- = .
508 g -
"
-1.2 -
NHVO 1.2 04¢-NHVO'nH:0
1.0 -08 -06 -04 -0.2 0.0 1.0 08 -06 -04 -0.2 0.0
log(v,scan rate) log(v,scan rate)

Figure 3.3.13. a,c) The CV curves of the NHVO battery under increasing scan rates
from 0.1 mV s to 1 mV s’ and calculated b for selected peaks; b,d) the The CV curves
of the O;-NHVOnHO battery under increasing scan rates from 0.1 mV s to 1 mV s’

and calculated b for selected peaks.
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Figure 3.3.14 illustrates the calculated D.,>" during the charge/discharge processes for
both NHVO and O¢-NHVOnH;O electrodes, which shows that the O¢-NHVOnH;O
possesses higher D,,2" (108-10 cm?s™!) than that of NHVO electrode (10°-1071° cm?s™
). Therefore, the large proportion of pseudocapacitive reaction behaviour in Og-
NHVONH>O via determination of diffusion kinetics from CV and GITT analyses
critically verified the feasibility of introducing defects and pre-inserted cations strategy
to effectively enhance the rate capability and reversibility of cathode materials for

AZIBs.
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Figure 3.3.14. a,b) GITT profiles of as-fabricated NHVO and O4¢-NHVOnH:0
batteries applied current density of 50 mA g 'and (c) the calculated Zn*" diffusion
coefficients for NHVO and O¢-NHVO'nHO at charge/discharge processes.
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In addition to electrochemical behaviour investigations of as-prepared cathode
materials, ex-situ XRD and ex-situ XPS were employed to reveal the high reversibility
in terms of crystallographic structure and chemical states evolutions of the Og-
NHVOnNH;0 material during Zn" insertion/extraction process. Figure 3.3.15 presents
an evident reduction of vanadium oxidation states with a weak signal of V>© (2psp:
517.4 eV) but two distinct valance states of V3" (2p352: 515.5 eV) and V¥ (2p3: 516.2
eV) species at fully discharged state of O¢-NHVOnH>O. Whereas, it is seen that the
V3* species disappear along with increased intensity of V>* peak from observation of
fully charged O4-NHVO'nH;O electrode, which almost fully recover to pristine state of
the electrode, but possesses a slight higher oxidation states due to partial loss of pre-
inserted N. The similar phenomena are consistent with previously reported vanadium
bronzes as cathode materials for AZIBs.**° Moreover, Figure 3.3.15b illustrates the
core level spectrum of Zn 2p which clearly indicate that there is no trace of zinc signal
detected in the pristine Og-NHVO1nH>O electrode. Whereas, an intensive peak in the
Zn 2p spectrum (2p3p: 1022.8 eV) was observed in the fully discharged Og-
NHVOnNH;O electrode, suggesting the insertion of Zn** in the cathode. After the
charging treatment, the majority of zinc species were extracted from the Og-
NHVOnH2O electrode reflecting as a pair of subtle peaks in accordance with the
binding energy of Zn 2p. Similar results of chemical states evolutions on zinc can be
also found in other previous studies for AZIBs.”® Figure 3.3.15¢ verifies that the NH,"
species (N 1s: 401.5 eV) is always present in the O¢-NHVOnHO electrode regardless

+ <

of the charge/discharge states, which indicates a robust feature of NH4" “pillar”
anchored within the bilayers V20s framework. As a consequence, the reversible
chemical states and stable pre-inserted cation of the O¢-NHVOnH,O electrode verified
by ex-situ XPS indicates that cycling stable characteristics during the electrochemical
reactions. After elucidating the different chemical states upon the Zn** (de)intercalation
process, the crystalline phase evolution of Og-NHVOnNH2O electrode at varied
charge/discharge states were examined by ex-situ XRD. Figure 3.3.15d shows the ex-
situ XRD characterizations of Og-NHVOnH>O electrode at varied charge/discharge
states of 1% and 10™ cycles with applied current density of 0.5A g!, respectively,
according to the distinguished plateaus in the GCD profiles. It is worth noting that there
is a reversible phase transformation between O¢-NHVOnH>O and

Zn3V,07(OH)22H20 (JCPDS No.87-0417, space group: P3ml) at fully charge states

and fully discharge states as well as charged state of 0.8V in 10" cycle, respectively.
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The similar phenomena was also recognized in previous investigations on
V6013:n1H20°, Cug1V2050.08H20% and K>Vs021%. In addition, a close-up region of
the (001) reflection site of Og-NHVOnH>O cathode (2° <206<5 °) exhibits clear steady
shift towards higher 20 values from 13.1to 10.7 A at 1 charged state and 10" discharge
state, respectively, suggesting a contraction of interlayer space upon discharge process.
The interlayer space can recur a large d-space in association with low 260 value,
indicating a reduced electrostatic interaction within the interplane due to the extraction
of Zn?* 3° Therefore, the highly reversible phase transition of O¢-NHVOnHO electrode
further confirms a robust cycling capability and provides insight into the Zn** storage

mechanism upon dynamic microstructural evaluation.
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Figure 3.3.15 Ex-situ XPS spectra of a) V 2p , b) Zn 2p and ¢) N 1s at initial,
charge/discharge states of the Og-NHVOnH»O electrode, respectively; d) XRD patterns
of the O¢-NHVOnH:O electrode measured under different charge/discharge states in
both 1%t and 10" cycles.

In order to clarify the structural variation between Og-NHVOnNnH>O and NHVO
materials, DFT simulation was utilized to illustrate the formation and related

characteristics of oxygen vacancies in O¢-NHVOnH:0, as well as the electrostatic
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interaction between inserted Zn>" and apical oxygen. As mentioned above, the NHVO
crystallographic structure was reconstructed in our studies as a 1x3x1 supercell

((NH4)3V240¢0) to simulate the oxygen point vacancies.

Figure 3.3.16. The simulated most stable geometries of 1x3x1 NH4V4O19 supercell
labelled with varied oxygens. O1 has two coordination and apical O3 only coordinate
with one V. O4 has three coordination. and O2, O5, 06, and O7 possess extra hydrogen
bonds with NH4".

Since the hydrogen bonds between NH4" and oxygen are relatively weak compared with
chemical bonds, varied oxygens with different coordination numbers and those with
hydrogen bonds with NH4" were selected for defect calculations, which are labelled in
Figure 3.3.16. The equation, showed as follows, was adopted to calculate the formation
energy of varied oxygen point vacancies, and corresponding results are exhibited in
Table 1:
Er= Enmvo woy+1/2E 02-Enuvo) (1)

where Eris the formation energy of deficient oxygens in the NHVO supercell.
Additionally, Enuvo oy and Ennvo) are the energies of NHVO lattice with or without

oxygen vacancies, respectively. Eo is the energy of oxygen.
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Table 3.3.2. The formation energies of varied oxygen point vacancies achieved by

GGA+U functional.

Label (see Figure3.3.16) Formation energy (eV)
01 1.89
02 2.37
03 2.49
04 2.03
05 2.53
06 1.81
o7 1.83

The formation energies in the sphere of 1.81~2.53 eV suggest endothermic formation
process of oxygen point vacancies. The lowest formation energy of O6 vacancy is 1.81
eV, which is very close to other oxygen vacancy sites. In particular, there are two
coordination of vanadium and hydrogen bond with O6, respectively, which possess a
similar coordination environment of O7. However, the slight difference is that the O7
is closer to adjacent NH4" in contrast to the coordination of two vanadium ions of O1.
Therefore, considering the high similarity of local coordination environment in each
simulated structures, the projected density of states (PDOS) and the total density of
states (TDOS) were calculated for perfect NHVO and oxygen deficient NHVO, to

elucidate the rationale of the low defect formation energy.

When oxygen vacancies are formed along with the release of electrons, the resulting
NHVO (i.e. O¢-NHVOnH>0) exhibits n-type characteristics with oxygen deficiency.
As presented in Figure 3.3.17b, the defect states (gap states) of Og-NHVOnH>O with
vacancies in the O6 position is closer to the Fermi level than those of pristine NHVO

(Figure 3.3.17a).
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Figure 3.3.17. The PDOS and TDOS of (a) perfect NHVO and (b) O6 deficient NHVO.

The dotted lines refer to the Fermi levels.

Moreover, owing to being closer to the conduction band minimum (CBM) of defect
states in O¢-NHVOnH;O0, rather than the pristine NHVO, the electrons are more easily
excited from the donor level into the conduction band, thereby increasing the electronic
conductivity of Og-NHVONnH>O with oxygen defects. In Figure 3.3.18, it is also
observed that the remaining TDOSs of sites, i.e. O1, O4, and O7, also possess two peaks
(defect states) below the Fermi level (-1~0 eV). Additionally, those with more peaks
below the Fermi level have an average defect formation energy of 1.89 eV, while the
remaining oxygen point vacancies only showed one peak around 0.5 eV have an
average defect formation energy of 2.46 eV, thus, the value difference is 0.57 eV. When
extracting O1, 04, O6 and O7, the TDOS suggests that more vanadium ions are reduced.

128



(a) 80 (e) 80
2 B A S 8 bAoA I
BT VY TS Y
80 -80
(b) L ) 80
[72] M = il)(),\ [72] = lnus
80 -80
) ¥ _ g % —
s 1R —ac
80 -80
(d) v = TDOS| (h) ¥ — TDOS
8 @ e R 2 =:
0&E — 0 0& - a —0
= AT T 2 TR =i
80 -80
8 -6 -4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8
E-E; E-E,

Figure 3.3.18. The PDOS and the TDOS of (a) pristine NHVO and O¢-NHVOnH>O
with potential oxygen deficiency of (b) O1, (¢) 02, (d) O3, (e) O4, (f) O3, (g) 06, (h)

O7, respectively. The dotted lines refer to the Fermi levels.

Moreover, calculation of the corresponding spin density of the pristine NHVO and Ogy-
NHVONH;0 with oxygen deficiency at O1~O7 sites were performed to confirm our
statements, which is shown in Figure 3.3.19. Compared with spin density of pristine
NHVO, it can be seen that the oxygen deficiencies at the O1, O4, O6 and O7 positions
could generate more localized electrons than oxygen deficiencies of O2, O3 and O5
positions. More explicitly, these yielding localized electrons from O1, O4, O6 and O7
positions are on the additional two vanadium sites adjacent to the vacancies. Whereas,
only one vanadium has localized electrons at the O2, O3, and O5 positions. In short,
oxygen deficiencies induced localized electrons can stabilize the system with reduced
total energy. Hence, the O6 point vacancy is calculated as the most stable oxygen
vacancy owing to more generated local electrons around it. As the results, it is most
likely to occur in the reduced NHVO. In addition, the formation of oxygen deficiencies
in NHVO can effectively alleviate the potential electrostatic force of Zn** which can
forcefully promotes the reversible (de)intercalation of Zn** with thermoneutral Gibbs
free energy.>® Therefore, enhanced electronic conductivity and reduced electrostatic
effectively improved the reversibility of Zn?" reaction process, consequently with

superior capacity and rate performance owing to introduced oxygen vacancies
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convincingly verified by our DFT results.

Figure 3.3.19. Spin densities for (a) pristine NHVO and reduced O¢-NHVO'nH,0O with
an oxygen vacancy at (b) O1, (c) 02, (d) O3, (e) 04, (f) OS5, (g) O6 and (h) O7 sites,

respectively. The isosurface is set at 0.01 electrons A=,

In addition, in order to study the influence of oxygen vacancies in NHVO on ionic
transport properties, the CI-NEB method was used to study the minimum energy
migration pathway and energy barriers for pristine and oxygen deficient NHVO.”' The
previous investigation of NHVO elucidated that the diffusion along with the c axis
direction presented dramatic energy barrier of 2.89 eV.”? Therefore, we selected the
diffusion pathway along <010> direction with most stable and metastable intercalated

sites for Zn** with corresponding structures exhibited in Figure 3.3.20 and Figure 3.3.21.
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Figure 3.3.20. The intercalation sites in (a)-(i) are the inequitable sites for Zn** in
pristine NHVO, where the most stable and metastable intercalation sites are (¢) and (f),
respectively. The intercalation site (j) adjacent to the oxygen vacancy. The most stable
and metastable intercalation sites in oxygen deficient NHVO are (k) and (I),

respectively. (blue (V), red(O), green(N), fuchsia(Zn) and light pink(H) ).

Figure 3.3.21. The diffusion pathways viewed along <001> direction in (a) pristine
NHVO and (b) oxygen deficient NHVO. (blue (V), red(O), green(N), fuchsia(Zn) and
light pink(H) ).

The insertion energies of Zn?* in pristine and oxygen deficient NHVO were calculated,

respectively, which were utilized to determine the most and metastable intercalated sites,
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according to the equation shown as below:

Ein = Envo-zn — Envo —Ezn - (2)
Where the Ej, is the intercalation energy of Zn>", Eyyo—_zn refers to the total energy
of pristine and oxygen deficient NHVO with the intercalation of Zn**. Eyy, stands for
the total energy of pristine and oxygen deficient NHVO. E, donate as the energy of
bulk Zn.

Table 3.3.3. The intercalation energy (Ein) of Zn>" of the most stable, metastable, and

near defect sites in pristine and oxygen deficient NHVO.

Label Ein (eV) Label Ein(eV)
Pristine-NHVO Defective-NHVO

4 1.17 Defect-site 1.10

5 0.71 5 0.70

6 0.98 6 0.85

It should be noted that the defective site in O-NHVOnH>O refer to the intercalation
site close to the oxygen point vacancy. Similarly, the intercalation site of 4 in pristine
NHVO is comparable to the defect site. When evaluating the Zn>" intercalation energies
of these intercalation sites in pristine and oxygen deficient NHVO, it is found that the
oxygen vacancies can facilitate the Zn** (de)intercalations since a lower insertion
energy during the reactions and the achievable highest reduction value of 0.13 eV. Thus,
this is consistent with the view of previous studies, which is beneficial to the diffusion
process with more smooth potential energy surface.*®> Additionally, the corresponding
minimum energy migration pathways are demonstrated in Figure 3.3.22. The diffusion
energy barrier in pristine NHVO is 0.82 eV, whereas the diffusion energy barrier in
oxygen deficient NHVO is 0.58 eV. Hence, it is seen as obvious reduction of Zn**

diffusion energy barrier derived from introduced oxygen vacancy in treated NHVO.
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Figure 3.3.22. The diffusion energy barrier and minimum energy migration pathway
of Zn** in (a) pristine-NHVO and (b) oxygen deficient NHVO. (blue (V), red(O),
green(N), fuchsia(Zn) and light pink(H) ).

3.4 Summary

By inducing defects engineering from cations, lattice H2O and oxygen vacancies to
vanadium bronzes, it a proof-of-concept demonstration for designing superior cathode
materials in AZIBs applications has been provided. The elaborately tailored Oq-
NHVO~NH:O cathode exhibites high performance at both low rate and high rate of 0.2
Agland 10A g for435 mAh g and 244 mAh g'!, respectively, even after 1500 cycles.
Moreover, remarkable rate capability of 43% capacity remained after 28 fold raised
current densities from 0.5 A g! to 14 A g’!, which was observed in Og-NHVO'nH>0
electrode. In addition, the corresponding electrochemical and structural behaviours
were comprehensively investigated by multiple ex-sifu characterizations and DFT
simulation, revealing an encouraged Zn>" diffusion kinetics, excellent reversibility as
well as predominately capacitive-controlled rapid energy storage behaviours compared
with untreated NHVO electrode. Additionally, the DFT results illustrate the different
possibilities of oxygen deficient sites, migration pathways with corresponding energy
and their resulted beneficial effects on electrochemical properties not only for
facilitating the diffusion characteristics of Zn?*, but also for improving the electronic
conductivity in Og-NHVOnH2O electrode. Therefore, inducing oxygen defects and
structural modifications provides feasible routes to adjust the electronic- and micro-

structures of vanadium-based cathodes to realize advanced AZIBs applications.
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Chapter 4.

Diatomic cation induced spontaneous vacancies in
vanadyl Prussian blue analog for advanced aqueous

zinc ion batteries
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4.1 Introduction

Although LIBs currently still dominate the EES market because of high energy density
and reliable energy storage/output, the limited resource, combustible organic electrolyte
and environmental impacts have caused grave concerns on specific applications such
as portable devices and grid-scale stationary applications.!>**> Thereby, rechargeable
aqueous zinc-ion batteries have been developed rapidly aiming at environmental
benignity, intrinsic safety and high-cost efficiency for a practicable competitive
capability as novel EES techniques for fulfilling the complementary demands of
specific applications.®”% Moreover, owing to numerous merits of metallic zinc anode
in AZIBs, high battery performance can be immediately achieved if competent cathodic
host materials were eventually developed.'® Hence, more focus is seriously needed on
the investigation of cathode materials in order to unlock the entire potential of AZIBs.
However, because of relatively stronger electrostatic interaction of divalent charge
carrier and large ionic radii of hydrated species, the previously developed cathodes such
as vanadium-based oxides, manganese-based oxides and Prussian blue analogues
(PBAs) are still suffering from sluggish diffusion kinetics, fast degradation of capacity
and intrinsic deficiencies in respective materials (i.e. unstable features derived from
self-dissolution and irreversible phase transition and relatively low operating voltage
especially for V- and Mn-based cathodes) during the charge/discharge processes, which
critically impede the practical application of AZIBs as a matter of fact.!l1213:1415

Among these cathode materials, PBAs, also known as metal hexacyanoferrate (MHCF),
are exceptional existence compared with the others owing to rigid 3D frameworks
constructed by varied transition metals and cyanogroup, which can offer accessible
channels, tuneable electrochemical properties and multiple redox-active sites for guest
species with a rapid reaction kinetics and the highest discharge plateau in AZIBs
applications.'®!”"!8 Thus, it was expected that MHCF based cathodes could deliver high
energy/power densities and robust reversibility in objective system, but it turns out to
have an unsatisfactory performance with relatively low average specific capacity ( < 80
mAh g!) and inferior life span (> 20% capacity attenuation within 1000 cycles) in
reality.!*?%2! For instance, ZnHCF | ZnSO4 | Zn battery was first reported by Liu and
co-workers in 2015, with an observed maximum capacity of 65.4 at 1C (60 mA g™')
along with 24% capacity decay after 100 cycles and rate capacity of maintaining 49%
capacity at 20C (1.2 A g ). Comparably, FeHCF?*, CuHCF?** and NiHCF?® cathodes
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also present unfavourable maximum capacity of 76, 56 and 76.2 mAh g!, respectively,
associated with rate capability lower 55% capacity retention within the 10-fold increase
of current densities, which could be attributed to several transition-metal dissolution in
diluted aqueous electrolyte resulting in structural collapse and clarified capacity
contribution from only single redox site of Fe ions (referring in particular to high-spin
Fe ions in FeHCF).2%?” Therefore, MHCF was less studied in previous researches
compared with other categorises of cathodes, and indeed demands a substantial
breakthrough in this field.!!2%2

Herein, a novel vanadyl hexacyanoferrate (VOHCF) was developed for AZIBs by
utilizing redox active dual-atomic group of vanadyl cation (V=0O) instead of
conventional ‘inert’ transition-metal ions in metal hexacyanoferrate frameworks, giving
rise to a unique configuration of random distribution of numerous intrinsic vacancies
for the octahedral cyanoferrate ligands. Thereby, the corresponding enlarged open
channels derived from vacancies and potential maximum three-electrons based redox
reaction (V(II)«>V(V), Fe(ll)«>Fe(Ill)) were verified with the record-breaking
specific capacity of 213mAh g'at 0.2 A g and 132 mAh g''at 5 A g'! along with a rate
capability of 62% capacity remained after 25-fold elevated current densities from
0.2Ag?! to 5 A g! compared to all reported Prussian blue analogues for AZIBs
applications. More impressively, owing to intrinsic unstable features, it was first
proposed that ionic-conductive hydrogel surface shielding strategy in aqueous ion
batteries system for not only preserves cathode materials structural stabilities, but
improves the interfacial characteristics via functionalized hydrophilic surface with
accessible 1onic migration channels. As a consequence, the tailored VOHCF achieved
unprecedentedly comprehensive-upgraded performance rendered as the further
enhanced specific capacity of 226 mAh g' and 176 mAh g! at 0.2 and 5A g,
respectively, associated with 88% capacity retention for the superior rate capability.
Meanwhile, the long-cycling stability characterizations also present remarkably robust
features of the hydrogel-treated VOHCF with 95% capacity retention after 1000 cycling
tests compared with only 78% in pristine VOHCEF. Therefore, it is suggested feasible
approach on cathode materials in AZIBs so as to break the shackles of intrinsic issues.
In addition to electrochemical measurements, comprehensive investigations on
physicochemical properties and structural/chemical evolutions during Zn**
(de)intercalations were carried out by multiple characterizations techniques such as ex-

situ XRD, ex-situ XPS and ex-situ Raman to clarify the reversibility and reaction
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mechanisms. Moreover, a quasi-solid-state VOHCF | PAM (Zn(CF3S03)») | Zn was
fabricated with mechanical robustness of steadily energy output and extraordinary
cycling capability with negligible capacity degradation over 2000 cycles, that is,
convincingly suggesting that our as-prepared cathode materials possess strong promise
for not only rapid-charge grid-scale stationary applications but wearable portable

electronics.

4.2 Experimental Section

4.2.1 Material synthesis

All chemical reagents were purchased from Sigma U.K. and adopted without further
purification. In typical preparations of VOHCEF(III) and its control sample of
VOHCE(II), 10 mmol vanadium(IV) oxide sulfate hydrate was dissolved in 50 mL D.I.
water in beaker A with vigorous stirring for few hours, at the mean time, beaker B was
filled with same amount of D.I. water, subsequently adding 10 mmol Kj3[Fe(CN)s]
(Potassium ferricyanide(Ill)) or K4Fe(CN)s - 3H2O (Potassium hexacyanoferrate(Il)
trihydrate) into beaker B with a stirring for 30 minutes. In final step, The as-obtained
transparent solutions from the two beakers (A & B) were dropwise injected into a
conical flask beforehand filled up with 50 mL D.I. water along with initially vigorous
stirring for 2 hours and low rotation speed in rest of 5 days as aging process. The
resulting products were collected by high-speed centrifugation and washed several
times with D.I. water. Then, freeze-drying machine was operated for two days to
eliminate moisture of the samples.

The alginate shielded VOHCEF(III) was fabricated by single step in aqueous solution.
In detail, 200 mg as-obtained VOHCF(III) was pour into a 100 mL alginate solution
containing 0.3 mmol sodium alginate with continuously stirring for 30 minutes. Then,
using high-speed centrifugation, the resulting product was washed several times with

D.I. water and finally collected for the following freeze-drying process.

Fabrication of quasi-solid-state battery:

6g acrylamide monomer was added into 25 mL D.I. water at ambient environment
under vigorous stirring for 1 hour. Subsequently, a mixture of 3.75 mg methylene-bis-
acrylamide as cross linker and 75 mg ammonium persulphate as initiator were dispersed

into as-obtained solution. Then, the homogeneous mixed solution was poured into a flat
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mould where the pre-assembled cathode and anode had been loaded. Along with a slow
evaporation of H>O and polymerization at 50 °C, the quasi-solid-state polyacrylamide
(PAM) hydrogel within the electrodes were generated. The as-fabricated battery was
immersed into 4M Zn(CF3S0s)2 aqueous electrolyte and dried in vacuum oven before

further electrochemical measurements.

4.2.2 Material characterizations

All XRD characterizations were carried out by a STOE SEIFERT diffractometer
equipped with Mo (0.7093A) X-ray radiation source. The detected angle range was
selected as 2°<26<45°. Moreover, scanning electron microscope (SEM, Carl Zeiss
EVO MA10), transmission electron microscope (TEM, JEOL, JEM-2100 and
ARM200F) and XPS (Thermo Scientific K-alpha photoelectron spectrometer) were
adopted to clarify the morphology and chemical states of as-prepared samples,
respectively. The data process of XPS was achieved by initially calibrating adventitious
carbon with a binding energy at 284.8 eV through casa software. The peak areas were
fixed according to a ratio of 1:2 for the 2p1/2 : 2p3.2 in each valence states, and FWHM
of the corresponding peaks ( 2pi2 and 2ps3») maintained the same length during
deconvolution process. Meanwhile, the distance between two peaks of 2p12 and 2ps.2
for each valance states and elements were adjusted according to literature. In addition,
Raman Spectroscopy (Renishaw Raman microscope spectrometer with a laser
wavelength of 514.5 nm) and attenuated total reflectance Fourier transform infrared
spectrometer (FTIR, ATRFTIR, BRUKER, platinum ATR) were utilized, and the mass
variation upon raised temperature was evaluated by a Thermogravimetric analyzer
(TGA) (PerkinElmer TGA 4000 System). The mass of the active substance in fabricated
electrode was weighed by the analytical balance (Ohaus; 6=0.01mg). The N
adsorption-desorption isotherms were characterized at 77 K (Quantachrome Autosorb-
1QC), and corresponding specific surface area was analyzed from isotherms according
to the BET method. The pore size distribution data was attained from desorption result
based on a quenched solid density functional theory (QSDFT) especially for micro- and
meso- pores <50 nm. The water contact angles was tested by an optical contact angle
meter via the sessile-drop approach at ambient environment (FTA 1000). The water
droplets were kept in a constant volume of 5 pLL and dwelling time of droplets stayed

on each samples were set up to 60s. The following contact angle values were analyzed
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by Young—Laplace equation through using instrument software.

4.2.3 Electrochemical evaluations

The as-prepared cathode materials were mixed with conductive agent (Super P Carbon)
and binder solution (polyvinylidene fluoride (PVDF) dissolved in 1-Methyl-2-
pyrrolidinone(NMP) with concentration of 50mg pL ') with a weight ratio of 7 : 2 : 1.
Then, the homogeneous mixed slurry was printed on a current collectors (hydrophilic
carbon paper) with a loading mass around 1.5 mg cm™. Subsequently, the printed
electrodes were transferred to a vacuum oven and dried at 70°C for 12 hours. Then, the
completely dried electrodes were cut into disc with a diameter of 14 mm and following
assembled with 18mm diameter (Whatman® glass microfiber Grade GF/A) separator
and 16mm diameter metallic zinc foil in a CR2032 coin-like cell. Morecover, 4M
Zn(CF3S03);2 aqueous electrolytes was prepared for all electrochemical measurements.
A configuration of flexible cell module are illustrated in Figure 4.2.1. The galvanostatic
charge-discharge (GCD) characterizations were achieved by the NEWARE battery
testing system capacity and cycling stability evaluations, and the VMP3 Biologic
electrochemical workstation was performed out to detect other electrochemical
properties, such as cyclic voltammetry (CV) and electrochemical impedance

spectroscopy (EIS).

Cathode printed
on carbon cloth

PAM hydrogel
quasi-solid-state
electrolyte

...... . v Zinc powder coated

carbon cloth

Figure 4.2.1. A configuration scheme of flexible quasi-solid-state zinc ion batteries.
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4.3 Results and discussion

The synthesis of VOHCF(111) and VOHCF(I1) were carried out by facile single-step co-
participation method in aqueous solution. Owing to different precursors of potassium
ferricyanide(IIl) and potassium hexacyanoferrate(Il) trihydrate, the resulting products
of VOHCF(I1I) and VOHCF(II) exhibit varied crystallinity which are illustrated in
Figure 4.3.1a. It is seen that both of these two sample can be indexed to the standard
XRD pattern of (VO)z[Fe(CN)s]2 9H-O (JCPDS: 42-1440), which possess a cubic unit
cell belonging to the Fm3m space group.® Surprisingly, the structure of VOHCF is
distinctive among all known Prussian blue analogues since the space occupation of
oxygen in vanadyl group gives rise to numerous spontaneously developed vacancies of
Fe(CN)s ligand within the framework which result in the large cavity filled with six
stabilized H,O molecules and pre-inserted K* from the precursor.®® Therefore, the
porous coordination atypically offer enlarged channels of connected cavities which can
be expected a high diffusion kinetics for inserted guest species. Moreover, the most
three intensive reflection sites at 20 of 8.04°, 11.35° and 16.09° represent crystal facets
of (200), (220) and (400), respectively, corresponding to a calculated lattice parameters
of a=b=c=10.136(3) A (a=p=y=90°) and a=b=c=10.1(1) A (a=p=y=90°) for
VOHCEF(I11) and VOHCEF(II), respectively. However, a relatively broader FWHM of
VVOHCEF(I1) implies the poor crystallinity and small crystal size which can be calculated
via Scherrer equation, that is, only 6.2(6) nm for VOHCF(II) compared with 13.9(7)
nm for VOHCF(III). Therefore, the change of precursor can effectively impact on
crystal size in our case resulting in a defective feature in VOHCF(II), which could be
responsible for the distinct electrochemical behaviours. Similarly, it is also observed
conspicuous different colours of as-prepared VOHCF(II1) (olivine) and VOHCF(II)
(claybank), shown as the insets in Figure 4.3.1a, are attributed to varied inherent
physical properties. For instance, varied oxidation states of transition metals related to
different amount of inserted alkali ions in Prussian blue contribute to diverse colours of
materials, i.e. Fe'Fe(CN)s, KFe"Fe!'l(CN)s and K,Fe!'Fe'(CN)s for Berlin green,
Prussian blue and white, respectively.?!**> Moreover, the SEM characterizations on
VOHCF(111) and VOHCF(II) are presented in Figure 4.3.1(b) and (c), respectively, in
which clusters of agglomerated fine particles are extensively observed in both samples.
However, it is extremely hard to acquire high quality images from TEM

characterization due to instability under the electron beam radiation during the
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measurement, despite many attempts had been made (Figure 4.3.1d). The FTIR
spectrum in Figure 4.3.1e presents several distinct absorption bands in VOHCF(III)
sample associated with the vibrations of Fe-C bending mode (514 and 600 cm™),% V=0
stretching mode (975 cm?),3423-36 Fell.C=N stretching mode (2081 cm™)3? and two H,0
molecule related bands of stretching H-O-H and bending O-H modes at 1605 and 3632
cm!,*’ respectively. Comparably, similar features of the FTIR spectrum for VOHCF(II)
were observed, which possess slightly red-shift corresponding to softened vibration
bonds, i.e. 503, 965 and 2060 cm’, respectively. In particular, there is a tiny peak
emerged at wavelength number of 2162 cm™ in VOHCF(III) which suggest the
existence of Fe-C=N stretching mode in the structure compared with absolute Fe'l-
C=N stretching mode in VOHCF(I1) sample.®?  In addition to FTIR, Raman spectrum
clearly illustrates various bands in accordance with Fe-O(lattice water)/ C stretching
and deformation vibrations, vanadyl related vibrations and Fe-C=N-M (M: transition
metal) stretching vibration modes at sphere of 200-500, 600-1000 and 2070-2200 cm!
for both materials, respectively.’®>° However, the relative intensity of each peak were
different between these samples especially at C=N spectrum region, which is associated
with the high sensibility of varied oxidation states of cyano-group coordinated iron ions
and transition-metal ions.?* More explicitly, the intensity of peaks at Raman shift of
2146 cm! (strong) and 2096 cm™ (weak) in VOHCF(III) suggest that a strengthened
coordination corresponds to the relatively higher valance states derived from Fe'!
species and vanadyl group in VOHCF(III) than that of Fe"' dominated VOHCF(II).
Therefore, FTIR and Raman characterizations critically reveal the chemical formation

of molecules and their distinct structural features in as-prepared VOHCF samples.

145



)

Intensity (a.u.)
(220)
e (400)
vll
/

Ze

it . e VOHCF(II)
I B JCPDS: 42-1440
5 10 15 20 25 30

20 (degree)

e s f VOIICK(I)
3 ) CN .
_| e:® —~ i\ 1 reo
. . et b J
3 | — voucram 3 M aT |
\‘3 C=N /’ 9’ ” =Tk "-‘\Eih_ - 29 _va’\'u,
2 [ = 2 + = VOHCE(i1) 024yl bonds
m chn w - \
5 5 ﬂ |
e = I
E|os, I N
—— VOHCF(II) ( \
eH SV 40 CaN sFe-C ~ ___,._,_‘_,./j k/\_,—\,) M«
4000 3500 3000 2500 2000 1500 1000 500 2500 2000 1500 1000 500
Wavenumber (cm™) Raman Shift (cm™)

Figure 4.3.1. (a) XRD pattern of as-prepared VOHCF(III) and VOHCEF(I),
respectively; (b), (c) SEM characterizations of VOHCF(III) and VOHCEF(II),
respectively; (d) TEM image of VOHCF(III); (e), (f) FTIR and Raman spectra of
VOHCEF(III) and VOHCEF(II), respectively.

The further evaluations of as-prepared VOHCFs were carried out by XPS to distinguish
the variations of elemental details and chemical states (Figure 4.3.2). It is seen that both
of VOHCEF(III)/(IT) are composed of mixed valence states of 4+ and 5+, but the fitted

areas of each components in one sample differ to those of the other. More explicitly,
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more V°* specie can be observed in VOHCF(III) sample indicating a higher oxidization
states of vanadium compared with VOHCEF(II). Similarly, the core-level spectra of Fe
2p illustrate a split peak in VOHCF(III) indexed to Fe'" and small amount of Fe'' species,
while there is only Fe'' component which can identified in VOHCF(II) sample.
Moreover, K species were also detected in both samples derived from the precursor,
which confirm the description of the material configuration mentioned above.
Therefore, it is surprisingly seen that the chemical valent states of those samples are
varied due to a simple change of Fe salts in the preparation process in addition to

observed structural differences discussed above.
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Figure 4.3.2. XPS characterizations of (a) V 2p, (c) Fe 2p and (e) Kl1s core level in
pristine VOHCEF(III) respectively; (b) V 2p, (d) Fe 2p and (f) K1s core level in pristine
VOHCE(I), respectively.

In order to further elucidate elemental details, the integrated component ratio analysis
were conducted by SEM-EDS, XRF and XPS (based on the relative sensitivity factors)
to gather the proportion of each elements in both samples. Figure 4.33 clearly illustrates
a homogeneous distribution of elemental V, K, Fe, O in both VOHCF(II) and
VOHCEF(II) samples observed by mapping characterizations. Moreover, elemental
analysis deliver a distinct component ratio of as-prepared VOHCF(III) compared with
that of VOHCEF(II), that is, a relatively higher proportion of V species and less K content
obtained in VOHCEF(III) rather than observations in VOHCF(II), which were further
confirmed by XRF and XPS analysis exhibited in Table 4.3.1. The results suggest that
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there is not only a varied proportion of K accommodated in cavity (insertion sites) of
the two samples, but also a discrepant ratio of framework components which could be
attribute to structural defects in VOHCF(II). An additional elemental analysis of
VOHCE(III) pristine powder were achieved by TEM EDS measurement (Figure A1,
A2), which further confirm a same ratio (1:1.5) of V:Fe in the sample compared with

SEM EDS results.
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Figure 4.3.3. SEM-EDS elemental analysis of pristine VOHCF(III) and VOHCF(II)

samples with corresponding mapping measurements.

Table. 4.3.1 The elemental analysis of EDS(SEM) and XRF on pristine VOHCF(III)
and VOHCEF(II) samples

Samples EDS (K:V:Fe) XRF(K:V:Fe) XPS(K:V:Fe)
VOHCEF(III) 0.6:1.5:1 0.5:1.5:1 0.7:1.7:1
VOHCE(I) 1:1.2:1 0.8:1.3:1 1.5:1.5:1

After comprehensive clarification of structural and chemical difference on the as-
obtained samples from multiple characterizations, it is expected that a distinct

electrochemical behaviour could occur for utilizing the materials for AZIBs
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applications. Therefore, the coin cell type of VOHCF(III)/(II) | (Zn(CF3S03)2) | Zn
battery was fabricated to evaluate the electrochemical performance in this case. Figure
4.3.4. exhibits the GCD profiles of VOHCF(III) and VOHCF(II) measured under varied
current densities from 0.2 to 5 A g”!, respectively, where numerous distinct plateaus can
be identified in both samples upon (de)intercalation of Zn>*, but each possesses
different redox reaction potentials along with varied corresponding capacity
contribution. More specifically, it is seen that a maximum specific capacity of 190 mAh
g-1and 112 mAh g at 0.2 A g! for VOHCF(I1I) and VOHCF(II) cathodes, respectively.
Meanwhile, a larger specific capacity contribution (>140 mAh g!) prevailing below 1.6
V was observed in VOHCF(III) rather than limited capacity of ~60 mAh g'! in
VOHCEF(II) at same working potential window. that Furthermore, CV curves of
VOHCEF(II) and VOHCEF(II) cathodes are illustrated in Figure 4.3.4b, which exhibits
similar redox pairs and steady evolutions with rapid activation process in first five
cycles. However, it is also seen a large current response below 1.6V in VOHCF(III)
cathodes compared with that of VOHCF(II). Interestingly, it is noteworthy that the
observed redox pairs possess similar potential position compared with reported vanadyl

related redox reactions in vanadium oxides for AZIBs,*041:4243

clarifying a relatively
large capacity contribution because of relatively large proportion of vanadyl group in
VOHCEF(III) material. Additionally, the long-term stability of VOHCF(II) and
VOHCF(II) cathodes were measured under GCD tests with current density of 0.2 A g!
for 50 cycles. Specifically, there is a maximum specific capacity of 213 mAh g
achieved in VOHCEF(III) cathode after few initial cycling activation, whereas only 113
mAh g! is observed in VOHCF(II) cathode suggesting a notable discrepancy of AZIBs
performance. Moreover, it is observed that the capacity retention (against maximum
specific capacity) of VOHCF(III) cathode approach 78% after 50 cycles at 0.2 A g!,
which is lower than 90% of VOHCF(II) cathode under the identical condition.
Additionally, rate performance evaluation provide remarkable capacity retention of 62%
and 40% after 25-fold increased current density from 0.2 to 5 A ¢! in VOHCF(III) and
VOHCE(I), respectively, which is attributed to large open accessible channels within
the crystal structure. A further evaluation of long cycling stability measurement was
conducted under current density of 5 A g! for the both cathode materials. Figure 4.3.4e
shows that both of the cathodes possess robust cycling capability during 1000 cycles
with only 22% and 27% capacity decay (against with maximum capacity) for

VOHCEF(III) and VOHCEF(II), respectively.
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Figure 4.3.4. (a) GCD profiles of as-prepared VOHCF(III) and VOHCF(II) cathodes
in first five cycles, respectively; (b) CV curves of VOHCF(II) and VOHCF(II)
electrodes, respectively; (c) GCD long-cycling measurements on VOHCF(III) and
VOHCF(II) cathodes under current density of 0.2A g, respectively ; (d) rate
performance evaluation of VOHCF(III) and VOHCEF(II) cathodes under varied current

density treatments. e) Long-term cycling measurement of VOHCF(III) under current

density of SA g’!.

It is noteworthy that the specific capacity of VOHCEF(II) cathode is much smaller than
observation in VOHCF(III) cathode regardless of varied applied current density
charge/discharge process, which could be hypothesized by not only distinct pristine
crystallographic structures and vanadyl concentration, but different redox reactions

reflecting with varied dynamic changes of chemical and structural states upon zinc
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insertion/extraction between these samples. Hence, ex-sifu characterizations of as-
fabricated VOHCEF cathodes were performed to elucidate the different electrochemical
behaviours at varied charge/discharge states. Figure 4.3.5 clearly illustrates responsive
chemical states at fully charge/discharge states in as-obtained 20" cycled cathodes,
where both Fe 2p and V 2p species exhibit highly reversible redox features

i and

corresponding to expected three electrons transfer reactions, i.e. Fel'«sFe
V> VV In addition, XPS characterizations of Zn 2p core-level spectra indicate the
presence of zinc species after discharge treatment of the both VOHCF(III) and
VOHCEF(II) samples, and small amount of that remain in materials at fully charge state,
which is agreed with previous observation of vanadium based cathode materials for
AZIBs.**461t should be noted that no trace signal of K component was characterized
in cycled VOHCF samples, which suggest that the pre-inserted K ions were completely
replaced by high concentrated guest zinc ion species, and unable to retrieve their
pristine sites after cycling treatment. The similar phenomena on irreversible pre-
inserted ions in host materials were verified in previous chapter and numerous reported
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Figure 4.3.5. ex-situ XPS characterizations of core-level Fe 2p, V 2p and Zn 2p at
pristine, charge/discharge states of (a)(b)(c) VOHCF(III) and (d)(e)(f) VOHCEF(I)
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cathodes.

In addition, Figure 4.3.6. exhibits the structural evolution of VOHCF(III) cathode
materials at different charge/discharge states and close-up image of the peak indexed to
(200) crystal facet via ex-situ XRD characterizations. Specifically, there is no obvious
change of XRD pattern during initial charge/discharge process. However, the further
cycling treatment of as-fabricated VOHCF(III) cathode impact on crystallographic
structure with a clearly shift of the peak around 8° towards to higher 20 degree,
suggesting contracted d-spacing of <200> crystal plane along with Zn** insertion
process. Inversely, the peak shift to lower 20 degree upon zinc extraction process. It
could be interpreted as the substitution of relatively weak electrostatic interaction of
pristine K" with the host framework compared with subsequently inserted large
hydrated Zn** (4.3 A) in VOHCF(III) materials during the intercalation reaction.
Whereas the zinc deintercalation from the lattice, the H>O molecule can accommodate
in the cavity resulting large expansion of the cathode framework, which have been
widely verified in previous reported studies on vanadium based cathode materials.*°
Similarly, it is also observed that the same varying tendency of peaks shift occur in
other identified crystal planes which indicates a three dimensional expansion of lattice
since zinc (de)intercalation reaction took place in this case. Although the crystal phase
underwent dramatic changes during the reaction, the distinguished crystal structure
after cycling measurement still maintains the rigid cubic unite cell motif, and there is
no obvious second phase identified in ex-situ crystal phase characterizations. Therefore,
the reversible chemical states and structural evaluations critically provide the robust

cycling features of VOHCF(IIT)/(I1) cathodes for AZIBs applications.
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Figure 4.3.6. Ex-situ XRD characterizations of VOHCF(III) cathodes at varied

charge/discharge states.

Further analysis of electrochemical properties of VOHCF(III) cathode material were
conducted by capacitive-diffusion contribution calculations according to as-obtained
CV curves at varied sweep rates from 0.1 to ImV s™'. Figure 4.3.7 illustrates a calculated
CV plot under a scan rate of 0.5 mV s™!, which indicate a 91% capacitive controlled
redox reaction in VOHCEF(III) cathode. Moreover, the following analysis of all scan
rates CV plots suggest a mutual growth behaviour between sweep rates and capacitive
for all current response, which clarify the faradaic-pseudocapacitance depended energy
storage mechanism in this cathode material. Additionally, a further calculation on
identified redox pairs in as-obtained CV plots were also performed to evaluate different
reaction behaviours at specific discharge/charge states. More explicitly, Figure 4.3.7¢
depicts various labelled redox pairs in anodic/cathodic reactions under different sweep
rates, which were calculated by the equation shown as follows:**
I=aV®

The detailed description of the equation have been presented in the previous chapter 3
in this thesis, and the corresponding results are illustrated in Figure 4.3.7d. It is seen
that the fitted b values of Al, 2, 3, C1, 2, 3 are 0.93, 1, 0.95, 0.99, 0.92 and 1,
respectively, suggesting a capacitive dominated reaction behaviour in each potential
states which is in coincidence with CV plots analysis. Hence, the evaluations of
electrochemical reaction behaviour of VOHCF(III) cathode verify a capacitive-like zinc

ions storage mechanism which highly differ form other reported vanadium based
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cathode for AZIBs.’!*%33 Meanwhile, the capacitive dominated reaction behaviour have
been extensively proved as a favourable property for significantly enhanced rate
capability and rapid reaction kinetics,>* thus the VOHCF(III) cathode material presents

promising capability for fast-charge required grid-scale stationary energy storage

technique.
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Figure 4.3.7. (a) Capacitive contribution (grey region) at 0.5 mV s™'in CV curve of
VOHCE(III), and (b) the capacity contributions ratio between capacitive and diffusion
controlled processes at different scan rates; (c) The CV curves of VOHCF(III) cathode
with varied scan rates from 0.1 to 0.5 mV s™! corresponding to the (d) b value originated

from log i vs. log v plots on basis of the CV results at picked oxidation/reduction states.

After comprehensive demonstration of VOHCF(III)/(II) cathodes capability for AZIBs
applications, there are inevitable issues such as self-dissolution and poor interfacial
mass transfer feature existing among the majority of cathode materials for aqueous
metal ions batteries due to strong polar solvent (H>O molecule) and inadequate surface

properties of inorganic/organic cathode materials, which are essentially hindering the
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battery performance in practical applications.?!>> Therefore, developing protection
layers on cathode materials is a vital approach to conquer the issues and has been well-
demonstrated in alkali-metal-ions batteries systems. ®>’ However, artificially coated
carbon layers or conductive polymers could give rise to electrochemical inert surface
or complexity of interfacial interaction resulting decreased specific capacity,
inhomogeneity of coupling decoration and degraded ionic diffusion kinetics.?®
Furthermore, the majority of reported surface coating materials adopted in organic
electrolyte system are incapable for aqueous media since inherent instable feature and
hydrophilic property induced faintinteraction with hydrated charge carriers.”
Therefore, it is essential to discover a novel type of surface protection layers to fulfil
the specific needs in AZIBs applications. Sodium alginate was considered in this case
as a promising candidate for the purpose due to multiple functional groups,
environmental-friendly and low cost properties.®® Most importantly, it can form robust
hydrogel film by cross linking with multivalence metal ions such as Ca**, Zn*", Co?",
AI** and Mn** ®192 which have been extensively demonstrated in previous reported
studies on metal sodium alginate hydrogels and also tested in our case on vanadyl ions
which is show in Figure 4.3.8a. Surprisingly, the generated metal alginate hydrogels
possess not only superior mechanical properties, but well-structured accessible
channels for ions migration.%*** Therefore, it is usually considered as quasi-solid-state
electrolyte for battery applications.®> However, in order to unleash the entire potential
of battery performance, aqueous electrolyte is more preferable in general energy storage
system since a higher ionic conductivity (~10* higher than hydrogel based electrolyte)
and mild interfacial effects.® Hence, an in-situ self-confinement growth of alginate
hydrogel on active materials surface by exhausting shallow surface dissolved vanadyl
ions until an equilibrium was reached, which offer a facile preparation approach,
minimized impacts on active materials and reliable interfacial connection without
numerous external factors effects derived from heat or redox chemical reagent
treatments. The details of the preparation procedure have been provided in the
experimental section, and the following alginate shielded VOHCF(III) electrodes are
shown in Figure 4.3.8(b) where the glass fiber separator disassembled from coin cell
with pristine VOHCF(III) electrode was dyed with obvious colour pattern suggesting
self-dissolution of active materials during few cycling measurement. In contrast,
alginate shielded VOHCEF(III) electrode present negligible change of colours on the

separator under identical condition. In addition, more conspicuous observation of
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electrode stability was also found in Figure 4.3.8(c), in which both electrodes (pristine
and alginate shielded VOHCEF(III)) were soaked in the electrolyte for 48 hours. From
the results, it is seen that the electrolyte containing alginate shielded VOHCF(III)
electrode possesses more crystal transparent colour than that of pristine VOHCF(III),

which is agree with previous observation in coin cells.

Figure 4.3.8. Photograph images of (a) vanadyl alginate hydrogel film; comparison
between (b) hydrogel shielded and pristine VOHCF(III) electrodes and separator in coin

cell, and (c) both electrode soaked in electrolyte respectively.
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Figure 4.3.9a depicts a scheme of as-prepared VOHCF(III) improved by alginate layer
for optimized battery performance in AZIBs application. The consequent battery
performance evaluations were carried out to determine the enhanced properties after
surface modification. Figure 4.3.9b illustrate a long cycling stability result of alginate
shielded VOHCEF(III) cathode in AZIBs with outstanding capacity retention of 96% and
86% (against to the maximum capacity of 228 mAh g!) for 50™ and 100" cycles,
respectively. Moreover, the rate capability of alginate shielded VOHCF(III) was
performed with stepwise raised current density from 0.2 to 10 A g™, which present a
capacity retention of 81.5% after 50-fold increase of current density and high specific
capacity of 184 mAh gl even at 10 A g'!. Meanwhile, the additional long-term cycling
tests were conducted on alginate shielded VOHCF(III) electrode with or without 5
cycles activation under current density of 0.2 A g'!. Consequently, it was observed that
both cycling measurements present robust stability of 81% and 80% capacity retention
(against maximum capacity of 131 and 176 mAh g!) after 2200 and 1200 cycles,
respectively. The activation process can significantly enhance the specific capacity
which could be interpreted as thorough extraction of potassium ions from framework

resulting in sufficient accommodation sites for Zn?* intercalations.
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cycling stability of alginate shielded VOHCF(III) electrode at current density of 5 A g’

! with/without initial electrochemical activity.

In order to comprehensively evaluate improvements of battery performance with
untreated VOHCEF(III) electrode, a radar diagram of comparison between pristine and
alginate shielded VOHCF(III) on specific capacity and cycling capability were
exhibited in Figure 4.3.10a. It is seen that a remarkable enhancement of specific
capacity was achieved in treated VOHCF(III) electrode with 226 and 176 mAh g
against with 213 and 132 mAh g! in pristine VOHCF(III) electrode at 0.2 and 5 Ag™,
respectively. Moreover, the rate capability also present significant improvement with
88% capacity retention after current density increased from 0.2 to 5A g”! compared with
only 62% at the same applied current density. Meanwhile, the dramatically enhanced
cycling stability can also be characterized under identical conditions, that is, 96% and

95% capacity retention in alginate shielded VOHCF(III) cathode compared with 78%
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and 78% in untreated VOHCF(III) cathode at 0.2 and 5 A g™! for 50 and 1000 cycles,
respectively. Therefore, the strategy of surface modification on vanadyl Prussian blue
analogue with hydrogel protection layer is feasible to overcome the intrinsic issues of
cathode materials in aqueous electrolyte system. Additionally, it is noteworthy that the
achieved battery performance of alginate shielded VOHCF(III) surpass all reported
Prussian blue analogues and the majority of developed cathode materials for AZIBs
application. More explicitly, the specific capacity of as-obtained shielded VOHCF(III)
electrode exhibit the highest values at a series of applied current densities among all
reported Prussian blue analogues cathodes for AZIBs.?® Furthermore, the maximum
energy/power density of 230 Wh kg™ and 9871W kg!, respectively achieved in this
work present overwhelming energy storage capability compared with reported cathode
materials for AZIBs, and even superior than LIBs, supercapacitor and lead-acid

batteries on basis of only considering active mass of both anode and cathode

components (inset of Figure 4.3.10c).%
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Figure 4.3.10. (a) Radar diagram comparison of the battery performance between
alginate treated VOHCEF(III) and pristine VOHCF(III) cathodes. (b) Ragone plot of

performance comparison on specific capacity and corresponding current density for all
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reported Prussian blue analogues cathodes for AZIBs; (c) Ragone plot of specific
energy/power comparison between alginate shielded VOHCF(III) and other reported
cathodes for AZIBs.

In addition to battery performance evaluation of alginate shielded VOHCF(III), FTIR
characterizations were carried out to identify the anchored functional group in as-
obtained samples. Figure 4.3.11 illustrates a comparison of FTIR spectra between
pristine VOHCEF(III), sodium alginate and alginate shielded VOHCF(III) with dwelling
time of 1 and 10 minutes during the preparation, respectively. It was observed that the
specific features belongs to sodium alginate within sphere of 1000 to 1500 cm™! can be
indexed to C=0, C-O and C-C groups,*® which were also detected in surface shielded
VOHCEF(II) samples with increased intensity along with build-up treatment time,
suggesting functionalized surface with alginate agents. Moreover, there was no obvious
shifts of characteristic peaks with regard of vanadyl Prussian blue analogues which
indicate few impacts on raw structure of VOHCF(III) after treatment. Figure 4.3.11b
shows the TGA analysis of pristine and alginate shielded VOHCF(III) samples to reveal
a different mass response during annealing process. It is seen that both of the materials
lost nearly half mass at the end of heating treatment of 600 °C due to escape of
absorbed/crystal water and decomposed HCN component. However, an attenuated
downtrend in alginate shielded VOHCEF(III) sample compared with untreated
VOHCEF(III) sample suggests strengthened interaction of crystal water molecule and
reinforced framework after hydrogel surface decoration, reflecting a better thermal
stability in this case. Additionally, in order to examine the porosity of pristine and
alginate shielded VOHCEF(III) samples, the BET specific surface area was characterized
and corresponding results are exhibited in Figure 4.3.11c, where a notable high specific
surface area of 158.3 m? g'! is obtained for pristine VOHCF(III) sample. It should be
emphasised that the values of BET specific surface area is almost 3-8 times higher than

conventional Prussian analogues (Co, Ni, Mn, Zn, Fe, CuHCF et. al.)>*33-¢7

owing to its
unique crystal structure with abundant vacancy. Meanwhile, unlike other surface
coating strategy, it is also seen that the alginate shielded VOHCF(III) still remains 76.5%
specific surface area (121.2 m? g!), indicating that the in-situ self-confinement growth
alginate hydrogel on VOHCEF(III) surface have minor effects on porosity which can
ensure the greatest level of surface interaction with aqueous electrolyte without

deterioration of interfacial properties. Moreover, the related pore size distributions were
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also analysed by DFT method and illustrated in Figure 4.3.11d, in which there is a
dominant pore diameter of 4.4 nm existing in pristine VOHCF(III) sample against to a
pore diameter of 5.6 nm in alginate shielded VOHCF(III). The slightly large mesopore
size could be interpreted as hydrogel induced pore structural changes, but intrinsic

micropore is still maintain with the same size (1.8 nm) as before.
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Figure 4.3.11. (a) FTIR spectra of sodium alginate, pristine, alginate shielded
VOHCEF(IIT) under different dwelling time of treatment. (b) TGA analysis of pristine
and shielded VOHCEF(III); (c) N2 adsorption-desorption isotherm of pristine and
alginate shielded VOHCF(III) and their corresponding (d) pore size distribution

measurements.

The further characterization of varied interfacial properties was performed by water
contact angle which clearly illustrate significant improvement of hydrophilic properties
as the alginate hydrogel was adopted, reflecting with the contact angle reduced from
77" to fully infiltrated surface in alginate shielded VOCHF(III) electrode (Figure
4.3.12).
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Figure 4.3.12. Water contact angel characterizations on carbon paper (substrate current
collector), pristine VOHCF(III) printed carbon paper and alginate shielded VOHCF(III),

respectively.

Additionally, the interfacial enhancement in regard of electrochemical properties was
clarified by the EIS technique on both pristine and alginate treated VOHCF(III) samples.
According to the Nyquist plots of as-obtained samples at initial and cycled states, the
fitted equivalent circuit was simulated and exhibited in Figure 4.3.13, and the
corresponding resistance parameters were summarized in Table 4.3.2. It is seen that
both pristine and alginate treated VOHCF(III) assembled batteries possess very close
combined internal resistance (0.66 Q < Rs < 1.07 Q) whether at initial state or after
cycled GCD treatment, suggesting a very low inherent device resistance beneficial for
electronic conductivity. Nevertheless, the interfacial charge transfer resistances (Rct)
differ from one to the other samples reflecting as relatively large R¢: of 87.53 Q and
48.72 Q at initial and cycled pristine VOHCEF(III) batteries, respectively, compared with
only 29.68 Q and 24.73 Q in alginate shielded VOHCF(III) at comparable states. The
corresponding results can be explained by surface hydroxylation induced reduced
energy barrier for hydrated charge carrier migration and desolvation via alginate
hydrogel functionality. The similar phenomenon can be also observed at cycled state of
pristine sample since the surface was compensated by water or hydroxide radical during

the electrochemical reactions within aqueous system.
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Figure 4.3.13. Equivalent circuit of pristine and alginate shielded VOHCEF(III)

assembled batteries for EIS fitting.

Rs: Combined internal resistance.

CPE: Constant phase element.

Ret: Interfacial charge transfer resistance.
Wo: Warburg element.

Cist: Surface capacitance at low-frequency.

Rieak: Leakage resistance.

Table 4.3.2 Resistance parameters fitted from equivalent circuit.
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Shielded VOHCF(III) before 0.70 29.68 91.76
Shielded VOHCF(III) after 0.66 24.73 88.40
Pristine VOHCF(III) before 0.75 87.53 32.82

Pristine VOHCF(III) after 1.07 48.72 24.36

In order to address the flexible capability of as-obtained VOHCF(III) material, the
quasi-solid-state AZIB was fabricated by using 4M Zn(CF3SOs3); pre-immersed PAM
as hydrogel electrolyte, VOHCF and zinc power printed carbon cloth as cathode and
anode, respectively. Figure 4.3.14. demonstrate the flexibility of as-fabricated quasi-
solid-state AZIB with stable energy output during the tests regardless of bending,
twisting or hitting the battery.

F

Figure 4.3.14. Demonstration of as-assembled quasi-solid-state

VOHCEF(IIT) | PAM((Zn(CF3SO5),) | Zinc

Moreover, the as-fabricated quasi-solid-state AZIB were also comprehensively
investigated under GCD measurements to reveal the realized battery performance at
this circumstance. Figure 4.3.15a depicts the long-term cycling characterizations of as-
fabricated quasi-solid-state batteries based on VOHCF(III) and VOHCEF(II) cathodes,
respectively. It demonstrates that both of the batteries possess extremely stable

charge/discharge reaction behaviour with specific capacity retention of 97% and 90%
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(against to the maximum capacity of 203 and 112 mAh g!), respectively, after 50 cycles
at 0.2 A g'! treatment. The following rate capability measurements also verify robust
reversible reaction features of both materials in quasi-solid-state AZIB batteries which
present 103% recovered capacity of 217 mAh g at 91% cycle compared with 204 mAh
gl at initial cycle for VOHCF(III) battery. Similarly, VOHCF(II) battery also present
negligible change of capacity after rate cycled tests under varied current density from
0.2 to 5A g'!. However, it is also observed the relatively low rate capability of 50% and
55% for VOHCF(III) and VOHCF(II) quasi-solid-state batteries, respectively,
compared with those of previous demonstrated pristine and alginate shielded
VOHCEF(III) batteries which could be attributed to low intrinsic ionic conductivity in
hydrogel electrolyte, resulting relatively sluggish transfer kinetics in flexible batteries.
Additionally, the long cycling stability measurement was also conducted under high
current density of 5 A g”! for evaluation on reversible feature of VOHCF(III) cathode
in flexible battery. Figure 4.3.15c illustrates a remarkable stability of 94.5% (against
the maximum capacity of 109 mAh g!) after 2000 cycles measurement which is
superior than all attained results from aqueous electrolyte battery characterizations.
Meanwhile, there is an average of 99.6% coulombic efficiency observed during the
cycling measurements indicating a highly reversible reaction process upon zinc

(de)intercalation.
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Figure 4.3.15. GCD characterizations of as-prepared quasi-solid-state AZIBs using
pristine VOHCF as cathode:(a) long-cycling stability measurement of whole battery
(VOHCEF(III) and VOHCEF(II)) under current density of 0.2 A g-1;(b) rate capability
evaluations of quasi-solid-state batteries using VOHCF(III) and VOHCEF(II) as
cathodes, respectively;(d) long-cycling measurement of whole battery (VOHCEF(III)) at
S5A gl

4.4 Conclusion

The vanadyl hexacyanoferrate and its defective analogue were successfully prepared in
this work and demonstrated superior performance among all reported Prussian blue
analogues cathodes for AZIBs application since numerous merits of its intrinsic
properties derived from not only enriched stable vacancies along with enlarged cavity
for charge carrier rapid migration, but also electrochemical redox active vanadyl
(Ill+>V) species contributing to high theoretical capacity. Hence, the corresponding
characterizations sufficiently verified the excellent reversibility on both structural and
chemical perspectives. In addition, in order to conquer the issues of intrinsic deficiency
on developed cathode materials in AZIBs, the in-situ self-confinement growth of

alginate hydrogel on vanadyl hexacyanoferrate was first proposed in this work, which
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critically provides a facile strategy to improve interaction of charge carriers and active
material by interfacial functionalisation, and preserve the original microstructures with
reinforced gel cross-link shell providing hyper channels for ions transport, that is, an
omni-bearing promotion of diffusion kinetics and cycling stability of cathode materials
which were effectively verified in this work. Meanwhile, the flexible quasi-solid-state
zinc ion batteries were fabricated, suggesting the potential for utilization on practical
flexible electronic devices with robust and safe mechanical features. Thereby, this study
started with investigation on new competent cathode material which was subsequently
decorated by alginate hydrogel shell suggesting attractively promising capability as
water-compatible electrodes for AZIBs applications. It is expected that the proposed
strategy can offer an avenue to not only elevate the capacity but extend the lifespan of

the batteries for sustainable and mighty energy storage systems.
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6.1 Conclusions

To fulfil the rigid criteria of energy storage system, this PhD project targeted on
developing advanced cathode materials for aqueous zinc ion batteries with detailed
analysis of physiochemical properties and critical elucidation of reaction mechanism.
Thereby, the project was divided into three perspectives of vanadium based cathode
materials in terms of novel nickel/cobalt vanadium bronze, defective ammonium
vanadium bronze and vanadyl Prussian blue analog, respectively. Meanwhile, universal
strategies were also proposed in this thesis for improving the electrochemical
performance in regard of specifically tuned micro-/ electronic-structures, chemical
environment and interfacial interactions, which contributed to robust reversibility, high
specific capacity and rapid diffusion reaction kinetics. The details of studies on these

purpose are summarized as follows:

In Chapter 2, novel nickel/cobalt vanadium bronzes (6-Ni(Co)o25V205nH20) were
successfully fabricated for application in AZIBs. Through comprehensive ex-situ
examination of their microstructures, chemical states and electronic structure
evolutions upon charge/discharge states, it illustrated the varied impacts of atomic level
structures on corresponding electrochemical behaviours, suggesting a significance of
designing layered vanadium bronze materials on basis of merit-based selection of
specific crystal phase of V,0s framework and pre-intercalated cations. Moreover, DFT
and 3D-tomography simulation effectively provide deep insight of zinc storage
mechanism within the as-design lattice of cathode materials and visual inspection of
electrolyte diffusion from device aspect. Hence, the studies sufficiently verified the
radical parameters responsible for high performance in AZIBs and depict a whole
picture of energy storage process in the elaborately designed experimental

investigations of as-obtained cathode materials.

In Chapter 3, there are great interests of investigations on defective vanadium bronze
cathode materials so as to further improve the performance in AZIBs applications. Thus,
hydrated oxygen defective ammonium vanadium bronzes were prepared to critically
discuss the effects of tuned micro/electronic structures on electrochemical reactions.
Through finely controlled reduction agent and additive of NH4F, the resulting sample

possessed distinct structural and chemical properties via multiple characterization
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techniques. As the consequence, the oxygen-defective ammonium vanadium bronzes
presented remarkable battery performance in regard of fast ionic diffusion kinetics,
elevated electronic conductivity and robust cycling stability compared with untreated
control group samples, indicating the essential features of pre-accommodated H>O
molecules and modified localized electronic environment around oxygen point
deficiency. Therefore, this study illuminates prospects of two-pronged approaches on
optimizing electrochemical properties by introducing lattice water and defects for

advanced cathode materials in AZIBs applications.

In Chapter 3, it is first time that a novel Prussian blue analogues was proposed by
substitution of electrochemical inert transition metal by redox active vanadyl ions from
conventional transition metal hexacyanoferrate framework. Owing to occupation of
oxygen species in vanadyl, the corresponding vanadyl hexacyanoferrate spontaneously
form thermodynamically stable vacancies in crystallographic structure, offering more
assessable channels for charge carriers transports. Accordingly, the resulting battery
performance exhibit superior characteristics with highest specific capacity and rate
capability among all previous reported Prussian blue analogues cathodes for AZIBs.
Moreover, the defective vanadyl hexacyanoferrate was also fabricated to understand
the microstructure induced different electrochemical behaviours, indicating that higher
crystallinity and dominated concentration of vanadyl are essential for steady and
powerful energy storage competence. More importantly, the study also provide a facile
strategy of surface modification by capping with in-situ generated alginate hydrogel
shell by consuming surface escaped vanadyl ions on as-prepared vanadyl Prussian blue
analog to address the issues of interfacial incapability and self-dissolution in cathode
materials for aqueous rechargeable batteries. It is seen that alginate shielded vanadyl
Prussian blue analog exhibited remarkable performance compared with untreated
samples and achieved competitive capability as superb energy storage material for
practical applications. The corresponding enhancements were not only observed by
rapid interfacial transport kinetics of charge carriers, but also significantly stabilized
cycling properties via varied characterizations. In the end, the flexible quasi-solid-state
zinc ion batteries were fabricated by adopting as-prepared vanadyl Prussian blue analog
as cathode, sufficiently confirming the huge potential for utilization of
wearable/flexible electronic device in the future. Thereby, this study provides

comprehensive research which started with novel cathode material and finished with
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optimized properties for practical demonstrations, that is, suggests an open avenue for

developing competent cathode materials in the field of AZIBs.

6.2 Outlook

According to the discussion in this thesis, it is understood that vanadium-based
materials are the promising candidate for cost-effective and reliable energy storage
materials applied in AZIBs. However, it should also be admitted that the development
of AZIBs in regard of materials design and reaction mechanism is still in an infancy
stage since completed different reaction species and environment compared with
conventional alkali metal-ions batteries. Moreover, numerous challenges still remain
such as fast degradation under low current density treatments, relatively low working
potential (compared with LIBs) and ambiguous energy storage mechanism in the
aqueous media system, Thereby, the future studies on advanced vanadium based
cathode materials could be carried out from the three aspects which are summarized as
follows:

1. Increasing the stability via optimizing microstructures and inhibiting side
reactions such as oxygen/hydrogen evolution reactions and irreversible phase
transformation under Zn>" (de)intercalation process.

2. Modifying electronic structures for enlarging potential difference by
introducing guest species such as polyanions and electrochemical active metal
ions (Co?"* and Mn*"*") with low Femi-level redox pairs.

3. Exploring novel characterizations techniques with the rational design of
parameters to evaluate veritable reaction behaviour in AZIBs applications.
Meanwhile, combinational in-situ experimental approaches can effectively
elucidate the dynamic reaction process rather than conventional ex-
situ measurements which are severely affected extrinsic factor.

Additionally, the prototype of as-developed AZIBs should also be fabricated to provide
authentic assessments not only on practical costs with scalable production routes but
also device-level batteries performance, that is, more crucial for commercial
applications in the future.

Last but not least, as an integral device, there are more efforts required indeed in terms
of electrodes, separator, current collector, cell-package materials and aqueous

electrolytes which jointly contribute to the expectation of favourable outcome.
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Figure Al. Elemental mapping and analysis of VOHCF(I1I) achieved by TEM EDS.
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Sample: Sample 1
Type: Default
ID:

Spectrum processing :
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Processing option : All elements analyzed (Normalised)
Number of iterations = 3

Standard :
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Figure A2. Elemental mapping and analysis of VOHCF(I1I) achieved by TEM EDS.
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