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Abstract

Electric vehicles (EVs) require extreme fast charging (XFC), corresponding to a charging
time of less than 15 min (> 4 C fast charging) to reach 80% state of charge, and long cycling.
However, existing commercial Li-ion battery (LIB) electrode materials hardly meet these
requirements. Titanium niobate (TiNb>O7, TNO) materials emerge as a promising alternative
anode, offering fast ionic diffusion kinetics, high theoretical capacity, stable materials structure,
and safe working potential. Nevertheless, research on TNO anode materials has been mostly
restricted to synthesis of polycrystalline powders with limited associated mechanistic studies.
Moreover, the cycling durability of TNO under extremely fast charging is still limited and the
corresponding structural alteration mechanism remains unclear.

Firstly, a novel scalable aqueous synthesis method is reported yielding sub-micron size single-
crystal TNO particles following calcination that enables fast-charging anode fabrication. The
sustainable co-precipitation process yields amorphous precursor hydroxides which upon thermal
conversion (calcination) transform into single crystals. The obtained TNO monocrystalline anode
material at 900 °C calcination (TNO-900C) delivers a high gravimetric capacity (279 mAh/g at 1

cycle) and a high volumetric capacity (351.7 mAh/cm’

at the initial cycle) at 0.5 C rate.
Additionally, the TNO anode delivers a remarkable capacity of 223 mAh/g at 5 C and a high
retention of 81.4 % after 200 cycles. In addition, TNO-900C illustrates very good fast-charging
performance with a reversible capacity of 200 mAh/g at 10 C. The intercalation mechanism and
diffusion behavior of the monocrystalline TNO anodes are elucidated by electrochemical kinetic
analysis (GITT, CV, and EIS). The measured fast charging Li-ion storage performance can be
attributed to a high Li" diffusion coefficient (1.37x107'* ¢cm?s), low polarization, and high
structural stability.

Secondly, this research reports an ultra-fast charging anode with extended cycling stability
enabled by Fe substitution of the TNO single-crystal nanostructured material. The underlying
mechanism via which Fe substitution affects TNO’s electronic properties, ionic diffusion kinetics,
and structural stability is revealed through combined theoretical modeling and experimental
characterization. The optimal Fe**-doped TNO monocrystalline material (Feo.05Ti095Nb2Os975)
(Fe5-TNO) provides remarkable charge capacity of 238 mAh/g under 10 C (6 min charging time
only) extreme fast-charging protocol (coupled with 1 C discharge), and high capacity of 200

mAh/g at 5 C and high cycling retention of 85 % after 1000 cycles. First-principles calculations
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suggest that Fe** substitutional doping leads to lowering of the band gap coupled with a reduction
in the Li" diffusion energy barrier. Overall, these factors contribute to reduced capacity decay and
extreme fast charging, together promoting durable cycling performance suitable for LIB
application. Reflection electron energy loss spectroscopy (REELS) reveals that Fe** doping to
narrow the band gap from 3.75 eV in TNO to approximately 3.40 eV in Fe5-TNO; after initial
lithiation, both TNO and Fe**-doped TNO are transformed to a higher-conductivity phase, in
agreement with density functional theory (DFT) predictions. Meanwhile Fe*" doping is shown to
decrease the Li" diffusion energy barrier, boosting Li" diffusion coefficient by one order of
magnitude, from 10713 to 10712 cm?/s. This part of the research provides new insights into the design
of next-generation fast-charging LIB anodes via DFT-guided substitutional doping.

Thirdly, an advanced electrode engineering method is developed further improving the
performance of TNO anodes via electrophoretic deposition (EPD) of carbon-coated Fe-doped
TNO (C-FeTNO) and reduced graphene oxide (rGO) upon reducing annealing. Graphene oxide is
advantageously used both as binder and conductive component. This novel EPD electrode
engineering method outperforms conventional approaches in constructing TNO/rGO hybrid
electrodes with nanoscale homogeneous microstructure and superior percolation network, as
confirmed by electron microscopic, Raman and EIS analysis. The novel electrode exhibits
dramatic reduction in impedance from 183 ohm to 75 ohm and boosting of Li ion diffusion
coefficient by one order of magnitude from 107 to 107! cm?/s, compared with Fe5-TNO pristine
electrode. Consequently, the EPD nanoengineered TNO/rGO hybrid anode demonstrates
outstanding performance, namely capacities of 252, 246, 236, and 210 mAh/gat 0.5 C, 1 C,2 C,
and 5 C, respectively. But more remarkably, it is shown to have exceptional cycling stability of 70
% retention after 5000 cycles at 5 C.

The advances made from nanocrystal formation to DFT-guided Fe doping, and finally EPD
interfacial engineering of TNO/rGO composites constitute critical contributions in the

understanding and design of ultra-fast charging Li-ion electrode materials.
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Resumé

Les véhicules électriques (VE) nécessitent une charge extrémement rapide (XFC),
correspondant a un temps de charge inférieur a 15 minutes (> 4 C de charge rapide) pour atteindre
un ¢état de charge de 80 %, ainsi qu’une grande stabilité en cyclage. Cependant, les matériaux
d'¢lectrodes des batteries au Li-ion (LIB) actuellement disponibles sur le marché répondent
difficilement a ces exigences. Les matériaux anodiques a base de niobate de titane (TiNb20O7, TNO)
apparaissent comme une alternative prometteuse, offrant une cinétique de diffusion ionique rapide,
une capacité théorique élevée, une structure de matériaux stable et un potentiel de fonctionnement
sécuritaire. Néanmoins, les recherches sur les matériaux d'anode TNO se sont principalement
limitées a la synthése de poudres polycristallines, avec peu d'études mécanistiques associées. En
outre, la durabilité de cyclage du TNO en cas de charge extrémement rapide est encore limitée et
le mécanisme d'altération structurelle correspondant demeure a éclaircir.

De ce fait, une nouvelle méthode de synthése aqueuse est d’abord décrite dans cette thése,
permettant d'obtenir aprés calcination des particules submicroniques monocristallines de TNO
permettant la fabrication d'anodes a charge rapide. Le procédé de co-précipitation, développé dans
I’optique d’une application industrielle a faible empreinte environnementale, produit des
précurseurs composés d’hydroxydes amorphes qui, aprés conversion thermique (calcination), se
transforment en monocristaux. Le TNO monocristallin ainsi obtenu par calcination a 900 °C (TNO-
900C) offre une capacité¢ gravimétrique élevée (279 mAh/g au ler cycle) et une capacité
volumétrique élevée (351,7 mAh/cm® au cycle initial) & un taux de décharge et de décharge de 0,5
C- En outre, 1'anode TNO offre une capacité remarquable de 223 mAh/g a 5 C et une excellente
rétention de capacité de 81,4 % apres 200 cycles. Enfin, I'anode TNO-900C présente de tres bonnes
performances en charge rapide avec une capacité réversible de 200 mAh/g a 10 C. Le mécanisme
d'intercalation et le comportement de diffusion des anodes TNO monocristallines sont élucidés par
une analyse cinétique électrochimique (GITT, CV et EIS). Ainsi, les performances d’intercalation
des ions de lithium obtenues sous une charge rapide peuvent étre attribuées a un coefficient de
diffusion du Li* élevé (1,37x107"3 cm?/s), a une faible polarisation et a une grande stabilité
structurelle.

Deuxiemement, cette recherche fait état d'une anode a charge ultra-rapide avec une stabilité
de cycle améliorée, rendue possible par la substitution des atomes de Ti par des atomes de Fe dans

le matériau nanostructuré monocristallin TNO. La combinaison de la modélisation théorique et de
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la caractérisation expérimentale permet de révéler le mécanisme sous-jacent par lequel la
substitution du Fe affecte les propriétés ¢lectroniques du TNO, la cinétique de diffusion ionique et
la stabilité structurelle. Le matériau monocristallin TNO dopé au Fe*" (Feo.0sTio.0sNb20g 975) (Fe5-
TNO) offre une capacité de charge remarquable de 238 mAh/g sous un protocole de charge rapide
extréme de 10 C (6 min de temps de charge seulement) couplé a une décharge de 1 C, ainsi qu'une
capacité élevée de 200 mAh/g a 5 C et une rétention de capacité élevée de 85 % apres 1 000 cycles.
Les calculs de premiers principes suggérent que le dopage de Fe** par substitution entraine une
diminution de la bande interdite couplée a une réduction de la barri¢re énergétique de diffusion du
Li". Dans l'ensemble, ces facteurs contribuent a une diminution de la perte de capacité et
permettent une charge extrémement rapide, tout en favorisant des performances de cyclage
durables adaptées a l'application des LIB. La spectroscopie de perte d'énergie par réflexion des
électrons (REELS) révele que le dopage au Fe** réduit la bande interdite, passant de 3,75 eV dans
le TNO a environ 3,40 eV dans le Fe5-TNO; Aprées une lithiation initiale, le TNO et le TNO dopé
au Fe’" se transforment en une phase a conductivité plus élevée, en accord avec les prédictions de
la théorie de la fonctionnelle de la densité (DFT). Par ailleurs, il est démontré que le dopage au
Fe*" diminue la barriére énergétique de diffusion du Li*, augmentant le coefficient de diffusion du
Li* d'un ordre de grandeur, de 1071* 2 1012 cm?/s. Cette partie de la recherche offre de nouvelles
perspectives pour la conception d'anodes de LIB a charge rapide de prochaine génération grace a
un dopage substitutif guidé par la DFT.

Troisiemement, une méthode d'ingénierie des électrodes avancée a ét¢ mise au point pour
améliorer les performances des anodes de TNO via la déposition électrophorétique (EPD) de TNO
dopé au Fe enrobé de carbone (C-FeTNO) et d'oxyde de graphene réduit (rGO) apres un recuit de
réduction. L'oxyde de graphene est avantageusement utilisé a la fois comme liant et comme
composant conducteur. Cette nouvelle méthode d'ingénierie d'électrode par EPD surpasse les
approches conventionnelles dans la construction d'électrodes hybrides TNO/rGO avec une
microstructure homogene a 1'échelle nanométrique et un réseau de percolation supérieur, comme
le confirment les analyses au microscope €lectronique, en microscopies Raman et spectroscopie
d’impédance ¢électrochimique (EIS). La nouvelle électrode présente une réduction spectaculaire de
l'impédance de 183 ohms a 75 ohms et une augmentation du coefficient de diffusion de 1'ion Li
d'un ordre de grandeur de 10'? a 10! cm?/s, par rapport a 1'électrode vierge Fe5-TNO. Par
conséquent, l'anode hybride TNO/rGO nanotechnologique obtenue par EPD présente des
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performances exceptionnelles, a savoir des capacités de 252, 246, 236 et 210 mAh/ga 0,5 C, 1 C,
2 C et 5 C, respectivement. Plus remarquable encore, elle présente une stabilité exceptionnelle de
70 % de rétention apres 5 000 cycles a 5 C.

Les progres réalisés depuis la formation de nanocristaux jusqu'au dopage de Fe guidé par la
DFT, et enfin l'ingénierie interfaciale par EPD des composites TNO/rGO constituent des
contributions essentielles a la compréhension et a la conception de matériaux d'électrodes Li-ion

a charge ultra-rapide.
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1. Introduction
1.1. Electric vehicles and lithium-ion batteries

Rechargeable batteries have become indispensable in modern society, powering a wide range
of devices, including consumer electronics, electric vehicles, and large-scale energy storage
systems.[1-5] The widespread and urgent demand for rechargeable batteries strongly raises the
interest in developing advanced electrodes with high energy density, good rate performance, long

cycle life, and low costs.[1,6-8]

EVs  +15% +82% +48% +89%

700 I Plug-In Hybrids 13.0%
- 2021 B Battery Electric Vehicles

6000 B 2022 —— EV Market Share

5000 4

4000

3000

2000 -~

1000 4

Europe China North Other 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022
(W&C) America

Figure 1.1. Electric vehicle development trends. Reproduced with permission.[9] Copyright 2024
American Chemical Society

To data, lithium-ion batteries (LIBs) have come to become as the most prominent type of
rechargeable batteries.[5,8,9] Notably, electric vehicles and plug-in hybrids empowered by LIBs

are experiencing dramatic growth trend, as shown in Figure 1.1.[9]

1.2. Overview of lithium-ion batteries for fast-charging applications

Electric vehicle (EV) batteries require a fast-charging function. Towards EV application,
extreme fast charging (XFC) batteries have been defined, featuring less than 15 min charging time
(> 4 C fast charging) to reach 80% state of charge, high specific energy (i.e., >200 Wh/kg), and
long cycling.[6] However, rate capability (charging time), safety issues, and limited energy density
have been the bottlenecks in meeting the increasing needs.[8] Thermal runaway of LIBs (i.e.,
battery fire) has been one major safety issue especially during the extremely fast charging,

overcharge, over-discharge situations.[10,11] This can be attributed to the decomposition of liquid
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organic electrolyte and electrode material under large overpotential.[10,11] Meanwhile, the energy
density of the battery is limited by the capacity of the electrodes, and proportion of inactive
components, etc.[12,13]

From the perspective of LIB anode, the currently dominant and cost-effective commercial
graphite anode materials with low working potential (ca., 0.1 V vs. Li/Li") suffer from Li dendrite
formation safety issues due to overpotential operating under XFC situation.[14] Next-generation
fast-charging anode materials with a safe operating potential, and long cycling is thus expected to
address the current challenges facing XFC application in EVs. As one commercialized fast-
charging anode material, spinel lithium titanate (Li4TisO12) offers superior fast-charging capability,
safe working potential (ca., 1.5 V vs. Li/Li"), and excellent cycling stability, benefitting from its
“zero-strain” property and high Li" diffusion kinetics.[15,16] But, unfortunately, LisTisO1>
provides low theoretical capacity (175 mAh/g), only half of that of commercial graphite anode,
limiting its fast-charging application in EVs. By contrast, Wadsley—Roth phase titanium niobate
(TiNb2O7) provides fast-charging/high-rate properties, safe operating voltage (ca., 1.6 V vs.
Li/Li"), and high theoretical capacity (387 mAh/g).[17,18] Nevertheless, the TiNb,O7 anode
features low electronic conductivity originating from empty 3d/4d orbitals in the d band of Ti/Nb

and a wide band gap,[18,19] and suffers from sluggish ion diffusion kinetics.[20]

1.3. Thesis Objectives and Organization

The overall goal of this doctoral research is to advance the development of novel ultra-fast
charging titanium niobium oxide (TiNb20O7, TNO) anodes by focusing on nanocrystal synthesis,
substitutional doping, and electrophoretic engineering of TNO/reduced graphene oxide (rGO)
highly-conducting composite structures. This thesis is structured around three well-defined
objectives: (1) Sustainable synthesis of single-crystal TiNb,O7; (TNO) nanomaterials, (2)
Performance improvement by substitutional Fe*" doping, (3) Advanced electrophoretic electrode
engineering of nanostructured TiNb,O7 (TNO) with reduced graphene oxide (rGO) acting as

conducting binder. Figure 1.2 provides a graphical description of these three research objectives.
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Figure 1.2. Graphical description of the three research objectives.

This thesis is organized into seven chapters, along with supporting information in
Appendixes. After this introductory chapter (Chapter 1), Chapter 2 provides a literature review
on the fundamentals of LIBs, basic properties of TiNb2O7 anodes, synthesis of TiNb,O7 materials,
and principles of electrophoretic deposition (EPD).

In Chapter 3, sustainable aqueous synthesis and property investigation of single-crystal
TiNb,O7 (TNO) nanomaterials are described. The synthesis of sub-micron size single crystals was
optimized through parameter adjustment in hydrolytic co-precipitation (e.g., pH, concentration)
and calcination (e.g., temperature, time). The effectiveness of the synthesis and calcination
processes was determined through comprehensive material characterization and correlation to
electrochemical performance.

In Chapter 4, the substitutional Fe’* doping of single-crystal TNO nanomaterials is
thoroughly investigated. In-situ doping was achieved via modification of the co-precipitation
process step by adding FeCls in the reaction mixture. Extensive characterization performed to
reveal the structural properties of the Fe-doped TNO and subsequently link to battery cycling
stability and fast-charging capability. The underlying doping mechanism and effects have been
probed through a combination of experimental results and first-principle calculations.

Chapter 5 advances a robust design of TNO/rGO all-active-material electrode, fabricated
through nanoscale-controlled electrophoretic interphasial engineering. This chapter details the
development of an anode based on C-coated Fe**-doped nanostructured TiNb,O7 (TNO) combined

with reduced graphene oxide (rGO) to create a 3D high-conductivity network.



Chapter 6 provides a global discussion connecting the three parts of the work and Chapter
7 includes the general conclusions, original contributions to knowledge and some ideas for future
work.
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2. Literature Review
2.1. The Fundamentals of Lithium-ion Batteries

In 2019, the Nobel Prize in Chemistry was awarded to John B. Goodenough, M. Stanley
Whittingham, and Akira Yoshino “for the development of lithium-ion batteries”.[1,2] Lithium-ion
batteries power a wide range of devices, from mobile phones and laptops to electric vehicles, and
store large amounts of energy from solar and wind power. The Nobel Prize Committee highlighted
that these lightweight, rechargeable, and powerful batteries are significant for “making possible a
fossil fuel-free society”.[1,2]

2.1.1. Working Principles

Goodenough defined “battery” as the energy-storage device that “stores electrical energy as
chemical energy in two electrodes, a reductant (anode) and an oxidant (cathode), separated by an
electrolyte that transfers the ionic component of the chemical reaction inside the cell and forces
the electronic component outside the battery”.[3] The chemical reactions are reversible in
rechargeable batteries.[3] The lithium-ion battery (LIB), also know as “rocking chair battery”- a
term coined by Michel Armand[4], is a type of rechargeable battery that involves “lithium ions”
moving between the two electrodes during the charging and discharging processes. The typical
LIB mainly consists of the cathode (e.g., LiCoO2, LiFePO4, LiNixCoyMn;O2, etc.), the anode (e.g.,
graphite, silicon, Li4Ti5012, etc.), liquid organic electrolyte (e.g., LiPFg salt dissolved in ethylene
carbonate and dimethyl carbonate (EC/DMC)), and a separator, as depicted in Figure 2.1.[4,5]
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Figure 2.1 Components and working principle of LIB during discharge. Reproduced with
permission.[5] Copyright 2011, American Association for the Advancement of Science.



In a typical LIB composed of graphite anode and LiCoO; cathode (Figure 2.1), battery
discharge involves the transport of lithium ions from the graphite anode, through the electrolyte,
and their insertion into the cathode (lithiation).[5] Likewise, the electrons move from the anode to
the cathode through the external circuit. Li-ion intercalation within the host cathode material is
enabled via the simultaneous reduction of the transition metal (charge compensation); when
charging, an external power supply is used to reverse this process.[3,5,6]

The two half-reactions and the overall reaction during discharging (Figure 2.1) can be

demonstrated as follows:[3,5-7]

Cathode: Li;-xCoOz +x Li" +x e — LiCoO; (equation 2.1)
Anode: LixCs — Ce+xLi"+xe (equation 2.2)
Overall reaction: LijxCoO; + LixCs — LiCoO; + Cs (equation 2.3)

Key performance metrics of LIBs include specific (gravimetric/volumetric) capacity, voltage,
energy density, rate performance, etc.[8-10] These properties are highly dependent on the chemical
composition, crystal structure, and ionic/electronic properties of the electrode materials.[9]

Specific capacity (Q) includes gravimetric and volumetric capacities.[3] The specific

gravimetric capacity (Qg) is the total charge per unit weight (mAh/g), and the specific volumetric

capacity (Q) refers to the total charge per unit volume (mAh/cm?).[9,11] According to Faraday’s

first law:
nF .
9= (equation 2.4)
nk
0= 7 Qg-p (equation 2.5)

where n is the number of charges (n=1 for Li"), F is the Faraday’s constant of 96,485 C/mol, M
represents the molar weight (g/mol), V is the volume (cm?), and p is the density (g/cm?).[9,11] For
example, theoretical gravimetric capacities of graphite (LiCs) and TiNb,O7 (LisTiNb2O7) anodes

can be determined as follows:

C
96485 (m—ol) . (1ooo> (mAh) 3724 (mAh)

Qu(Co)= 1236 (L) 3600/ \As
mol

(equation 2.6)

C
. 5x96485 (—mol) 1000\ /mAh
@, (TiNb,07)= - (3600) ( As

345.67( & 1)

mAh
> =387.67 (—) (equation 2.7)
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The open-circuit voltage (V,, V) is the voltage between the battery terminals when no current
applied.[3] V,. theoretically depends on the difference in the lithium chemical potential (p)
between the anode (uﬁn"de) and cathode (ufiath"de):[i%]

~ ( uCathode Anode)

V.= i n];‘MLi

The output energy density (E;s) is determined by the discharge voltage (V,;;5) and the specific

(equation 2.8)

discharge capacity (Q ,,):[3]

Qd,’s Liis
Eqis= f Vais (@)dq = J Vais (@l gisdt (equation 2.9)
0 0

where q is the capacity, #,; is the discharge time, and I;;; is the constant current applied in the
galvanostatic mode. Practically, during the charging and discharging, V;, is distinct from V. due
to the development of polarization or overpotential including activation polarization (74.¢.), Ohmic
polarization (IR drop), and concentration polarization (7.onc.), as illustrated below:[3,8]
Vais = Voe — UR + Neone. + Nact.) (equation 2.10)

The C-rate describes the rate at which a battery is discharged (or charged) to its maximum
capacity.[10] A 1 C rate is the current density under which the battery can be fully discharged (or
charged) in 1 hour, and typically the value of the applied current (in units of mA/g) is normalized
with respect to its theoretical capacity.[3,8] For example, 1 C for a graphite anode is defined as
372 mA/g, corresponding to its theoretical capacity of 372 mAh/g; 10 C for the same anode is
3720 mA/g.

Rate performance refers to the capability to retain capacity under various C-rates, particularly
at high rates like 1 C, 10 C, 100 C, etc.[3,10] This metric is typically used to assess fast-
charging/discharging capabilities, as well as reversibility and cycling stability.[3,10]

2.1.2. Cathode Materials

Prof. John B. Goodenough[7] was the first to identify lithium cobalt oxide (LiCoO2) in
1980,[12] lithium manganese oxide (LiMn2O4) in 1983,[13] and lithium iron phosphate (LiFePO4)
in 1997[14,15] as cathode materials. These discoveries have paved the way for the development
of numerous cathode materials.[6,7,16] Currently, there are three main types of cathode materials:
layered lithium transition metal oxide materials (e.g., layered LiMO> (M= Co, Mn, Ni)),[6,12]
spinel lithium transition metal oxide (e.g., spinel LiM20O4 (M= Co, Mn, Ni)),[13] and olivine
lithium transition metal phosphates (e.g., olivine LIMPO4 (M= Fe, Co, Mn, Ni))[8,17]. Each of
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these cathode materials is widely used for different applications according to unique characteristics

and advantages.
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Figure 2.2. Crystal structure of (a) layered LiCoO> (trigonal system, R3m space group), (b)
spinel LiMn2O4 (cubic system, Fd3m space group), and (c) olivine LiFePO4 (orthorhombic
system, Pnma space group). Drawn with the Material Project.[18]
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Among the three, the family of layered LiMO3, is known for its high energy density. These
materials, where M represents Co, Mn, and/or Ni, include compounds such as LiCoO», LiNiOa,
LiMnO;, and the mixed-metal oxide LiNixCoyMn,0.[17,19] LiCoO; (Figure 2.2(a)) has a
trigonal structure in R3m space group.[6] Commercialized by SONY in 1991, it features a high
theoretical capacity (274 mAh/g), high conductivity, high-rate properties, and good cycling
stability, which has made it one of prominent choices for consumer electronics, despite the
environmental issues and high cost.[12,17,20] LiNiO> offers a higher voltage and higher capacity,
promising it as the highest energy density alternative for next generation, but it suffers from
thermal instability and safety concerns.[21] LiMnO: provides a lower cost alternative and high
safety with good thermal stability, though it has a lower capacity.[13] The LiNixCoyMn.O; benefits
from the combined advantages of LiCoO., LiNiO», and LiMnO,, balancing properties of capacity,
voltage, stability, and cost-effectiveness according to its components.[22-24] For example,
LiNio.8C00.1Mno.102 cathode (Table 2.1) provides a high theoretical capacity of 276 mAh/g, a high
working potential of 3.8 V (vs. Li/Li"), and a high energy density of 780 Wh/kg, as well as a
medium cost.[23,24]



Table 2.1 Properties of common cathode materials (derived from Ref.[25])

Theoretical | Practical | Avg. Voltage | Energy
Structure Cathode Capacity Capacity | (vs. Li/Li") density Cost
[mAh/g] [mAh/g] [V] [Wh/kg]
LiCoO; 274 185 3.9 720 High
Layefed LiNi1/3CO1/3Mn1/302 278 160 3.8 610 Medium
LiNio_gCOo_1Mno_102 276 205 3.8 780 Medium
Spinel LiMny04 148 120 4.1 490 Low
Olivine LiFePO4 170 150 34 510 Low

Note: Practical capacity and energy density are determined at 0.1 C and calculated based on
electrode materials.

Spinel LiMn,O4 cathode (Figure 2.2 (b)) enhanced thermal tolerance and excellent rate
performance.[17,26] These advantages of high thermal stability and fast 3D Li ion diffusion can
be attributed to a 3D spinel structure.[25] It has a cubic structure in the Fd3m space group, where
Mn occupies half of the octahedral sites and Li occupies one-eighth of the tetrahedral sites within
the cubic close-packed oxygen framework.[26,27] In addition, LiMn2O4 is a more affordable
cathode than commercial LiCoO2, due to the abundant elemental distribution of Mn.[25] However,
its application is limited by its lower capacity (148 mAh/g) and poor cycle life.[17,28] The severe
capacity fade is caused by the dissolution of Mn due to the attack of HF acid, which is produced
by side reactions of LiPFg in the electrolyte.[17,25]

The Olivine LiFePO4 cathode (Figure 2.2 (¢)) is the most popular among olivine lithium
transition metal phosphates.[29] The increasing percentage in both electric vehicles and grid
markets proves its excellent safety properties, remarkable cycling stability (above 10,000 cycles),
and cost-effectiveness.[17,29] Its excellent structural stability stem from the strong P—O bonds
that prevent the oxygen release.[30] Although pristine LiFePO4 has a very low conductivity and
low Li-ion diffusion coefficient, various strategies, including nanosizing and carbon coating, have
been employed to address these issues.[31] However, its low working voltage (3.4 V) and low

theoretical capacity (170 mAh/g) limit its energy density.[4,17]

2.1.3. Anode Materials
In the early stages, lithium metal was regarded as a promising anode for commercial batteries
because of its extremely high theoretical capacity of 3860 mAh/g and its low electrochemical
potential (—3.04 V versus the standard hydrogen electrode).[9,16,32,33] In the 1970s, Stanley
Whittingham at Exxon used metallic lithium as an anode for Li secondary batteries.[16,32] In the

late 1980s, Moli Energy first commercialized rechargeable lithium metal batteries by pairing them
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with a MoS; cathode, enabling a high energy density battery with 100 cycles.[16,32,34] However,
the high chemical reactivity of metallic lithium and the uncontrollable formation of lithium
dendrites during cycling resulted in short circuits, battery fires, and other serious safety
hazards.[16,32] Ultimately, these safety issues caused the failure of the 1%-generation rechargeable

lithium-metal battery.[32,34]

Figure 2.3. Crystal structure of (a) graphite (trigonal system, space group R3m), (b) silicon (cubic
system, space group Fd3m). Drawn with the Materials Project.[18] and (c) LisTisO12 (cubic
system, space group Fd 3 m). Reproduced with permission.[35] Copyright 2014, The
Electrochemical Society

Current commercial anode materials include graphite (Figure 2.3(a)), silicon (Figure 2.3(b)),
and lithium titanate (Li4Ti5012) (Figure 2.3(c)).[36] Graphite is the dominant anode material for
LIBs.[36,37] Graphite was used in the first Li-ion battery commercialized by Sony in the 1990s
for consumer electronic devices.[6,16] It provides a high theoretical gravimetric capacity of 372
mAbh/g, along with a very low operating potential (ca. 0.1 V vs. Li/Li"), enabling a high theoretical
energy density of LIBs.[4,6,16] Additionally, it offers high electrical conductivity (>10° S/cm) and
a high Li-ion diffusion coefficient, resulting in fast kinetics during lithium intercalation
reactions.[38,39] Owing to its layered structure, it can store Li ions via an “intercalation
mechanism™: Li ions or atoms reside in interstitial sites within the host lattice.[38,40] This
mechanism allows the lithium to be inserted and extracted with minimal strains and structural
changes in the host material, which ensures good capacity retention over thousands of charge-
discharge cycles.[16] Further, its excellent cost advantage due to natural abundance and simple
processing contributes to its success as a commercial anode including the electric vehicle

market.[16] However, from a safety perspective, its low operating potential raises the risk of
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lithium plating and dendrite formation, especially under large overpotential situations arising from
extremely fast charging and overcharging, creating battery thermal runaways.[39,41]

Table 2.2 Comparison of common anode materials

Anode Theore'Flcal Potential Charging time  Cycle life Density
materials capacity (vs. LV/Li") [V] [min] [cycles] Cost [g/cm?] Ref.
[mAh/g] '
Graphite 372 (LiCe) 0.1 30-60 >1,000 Low 2.25 [42,43]
Silicon 4200 (Lis.4S1) 0.2-0.5 60-120 >200 Low 2.33 [42,43]
LisTisO12 175 (Li7TisO12) 1.55 <30 >10,000 Low 3.5 [44]

Another anode material of great commercial interest, the silicon (Si) anode (Figure 2.3(b))
is known for its high energy density (high capacity and low operating voltage) and low cost. It
provides highest theoretical gravimetric capacity of 4200 mAh/g (based on Li2,Sis, also known as
Lis4S1), which is higher than that of a lithium metal anode and over ten times larger than that of a
graphite anode.[40] This extremely high capacity can be attributed to its “alloying mechanism”:
Li forms a Li-Si alloy by breaking the bonds between host atoms.[38,40]

Si+xLi"+xe — Li.Si (equation 2.11)
However, lithiation causes dramatic structural changes: the silicon anode material suffers from
significant volume change (>300 %) during lithiation, leading to structural degradation and poor
cycling stability.[6,40,45] Additionally, Si has a low electronic conductivity (<10 S/cm), which
limits its electrochemical performance.[38,40] These limitations of pure Si as anode have led the
industry to move towards its utilization in the form of composites with graphite at relatively limited
proportions.[46]

Lithium titanate (Li4TisO12) (Figure 2.3(¢c)) is the commercial anode material with the best
rate performance and structural stability.[47] LisTisO12 features a spinel structure belonging to a
cubic system and space group Fd3m: lithium ions occupy the tetrahedra 8a sites and one-sixth of
the 16d octahedra sites; Ti*" ions occupy the remaining 16d sites.[37] This structure facilitates
facile Li-ion transport involving distorted Li polyhedral in metastable intermediates along two-
phase boundaries, allowing for fast Li-ion diffusion kinetics.[47] Its spinel structure and strong Ti-
O bond enable a highly stable structure characterized by a small volume change (<0.3 vol%) during
charging/discharging, known for its “zero strain” property.[8,48] With an electrochemical potential

of 1.55 V (vs. Li/Li"), it operates at a safe voltage, preventing electrolyte decomposition or lithium
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plating problems that occur below 1 V.[49] The lithiation reaction of spinel Lis+TisO12 involves
three Ti*" ions being reduced to Ti** ions, forming a rock salt structured Li7TisO12, as described:
LisTisOn +x Li* +x € < LisnTisO12 (equation 2.12)
This reaction provides a theoretical specific gravimetric capacity of 175 mAh/g (x=3), which is
only half that of graphite (372 mAh/g). Thus, while LTO is excellent in terms of power delivery
and fast-charging, it suffers from low energy density that limits its broader application in the EV

market.[38,40]

2.1.4. Fast-charging Anodes
In the previous section, in describing the graphite anode, reference was made to the safety
problem including battery thermal runaway (Figure 2.4(a)) during fast -charging-
discharging.[39,41,50] As graphically illustrated in Figure 2.4, fast charging can cause severe
battery degradation and safety problems not only via lithium plating (the dendrite problem)
(Figure 2.4(b)) but also by triggering mechanical cracking, side reactions, and eventually heat

generation (Figure 2.4(c)).[16,39]
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Figure 2.4 (a) Battei‘y thermal runaway in electric vehicles. Reproduced with permission.[50]
Copyright 2020 Springer Nature. (b) Lithium dendrites formed on graphite anode. Reproduced
with permission.[41] Copyright 2021 Elsevier. (c) The major challenges of fast charging lithium-
ion batteries. Reproduced with permission.[39] Copyright 2022 Wiley.

To be more specific, fast charging typically results in large overpotential, which directly

increases the risk of nonhomogeneous lithium-ion diffusion, lithium plating, giving rise to lithium

dendrite formation (Figure 2.4(b)).[51,52] Subsequently, this issue can further cause mechanical
13



cracks in electrode materials and side reactions with the electrolyte.[53] These exothermic
reactions can trigger chain reactions, eventually leading to heat generation and thermal runaway
(Figure 2.4(a)).[54] This has prompted research efforts towards the development of alternative
anode materials that can be safely charged-discharged at high rates.

In developing fast charging anodes, different parameters need to be considered starting first
and foremost with the material itself, its reaction mechanism, and solid electrolyte interphase (SEI)
formation and extending into the electrode level and finally the cell level as graphically shown in
Figure 2.5.[38] The critical physical parameters for fast-charging anodes (Table 2.3) include high
theoretical gravimetric and volumetric capacity, safe operating potential, high electronic
conductivity, high Li ion diffusion coefficient, low volume change, etc.[38,55] At the electrode
level, parameters like materials microstructure and electrode structure (Figure 2.5) are
important.[38] The materials microstructure characteristics, including morphology, size
distribution, and porosity, are directly related to the diffusion of Li ions; and electrode engineering
involves factors like the electrode composition (such as binder and conductive carbon), electrode
porosity, thickness, mass loading, tortuosity, etc., which practically influence the battery
performance.[56] These material-level and electrode-level considerations inform the studies
presented in this thesis. Finally, at the battery cell level, the actual battery cell design also needs

to account for the charging protocol, the ratio of anode and cathode (N/P ratio), and heat dissipation.

material level electrode level cell level
SEI

L R

Figure 2.5 Overview of parameters relevant for fast-charging capability from material to cell level.
Reproduced with permission.[38] Copyright 2021 Wiley.

/" ratio

Goodenough [8,57,58] introduced the concept of the “stability window” of carbonate-based
electrolyte (Eg), as illustrated in Figure 2.6(a), that needs to be taken into consideration in
designing fast charging anodes. The “stability window” (1.0-4.1 V vs Li"/Li) is delineated by the
electrochemical potentials corresponding to the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO).[57] The electrolyte tends to be oxidized if the

electrochemical potential of the cathode (uc) is below the HOMO energy level. Similarly, the
14



electrolyte tends to be reduced if the electrochemical potential of the anode (ua) is above the
LUMO energy level. For materials operating outside the stability window, protective passivating
films, such as the solid electrolyte interphase (SEI) film and cathode-electrolyte interphase (CEI),
are necessary to maintain the kinetic stability of electrode materials.[8] For example, graphite
remains kinetically stable thanks to the protection of the SEI film, formed on electrode surface by
the decomposition of electrolyte.[ 58] However, at extremely high current density conditions, large
polarization (electrochemical, concentration, and ohmic) can break down this SEI film, leading to
anode failure.[44] Figure 2.6(a) indicates that titanium oxide-based materials (e.g., Li4TisO12 and
TiO2) and Wadsley-Roth phase materials, namely niobium oxides (e.g., Nb2Os) and titanium
niobium oxides (e.g., TiNb,O7) are within the “stability window”, stemming from the
electrochemical potential of Ti*"/Ti**, Nb°*/Nb*", and Nb*/Nb** redox couples.[38,55] This
implies that they are thermodynamically stable and promising high-safety anode alternatives under

extremely fast charging.[44]
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Figure 2.6 (a) Electrochemical window of a liquid-carbonate electrolyte and redox potentials of
anode and cathode materials in LIBs. Reproduced with permission.[44] Copyright 2021 Wiley.
Performance comparison of various fast charging anode materials, including (b) intercalated
transition metal oxides, (c) carbon materials, (d) conversion transition metal oxides, and (e) alloy-
type anode. Reproduced with permission.[39] Copyright 2022 Wiley.
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In addition, titanium and niobium oxides together with graphite accommodate Li-ion storage
via the intercalation mechanism (Figure 2.6 (b, ¢), facilitating the insertion and extraction of Li*
ions within the bulk electrode materials.[59] By contrast, “alloying-type” (Figure 2.6 (e) anode
materials (e.g., Si) and “conversion-type” (Figure 2.6 (d) anode materials (e.g., Fe2O3) suffer from
huge volume expansion, mechanical cracking, and subsequent battery failure during the lithium-
alloying reaction, despite providing very high theoretical capacities, hence cannot be fast
charged.[60]

2.1.5. Titanium and Niobium Oxide Anodes

Titanium oxide-based anode materials have been the subject of many investigations due to
their intercalation mechanism and operation voltage within the “stability window” as defined
above.[44] These materials are characterized by cycling durability and high safety, as well as the
abundance of titanium sources.[39] Notable examples include LisTisO12 and TiO,.[61,62] As the
previous section discussed, LisTisO12 has already been commercialized for long cycling and fast-
charging applications.[44] Titanium dioxide (TiO2) provides a higher theoretical capacity
compared to the LisTisO12 anode.[63] The reaction can be represented as:

TiO2 +x Li* + x e < LixTiO2 (equation 2.13)

The value of x varies with different TiO2 polymorphs: anatase (tetragonal), rutile (tetragonal),
brookite (orthorhombic) can provide a theoretical capacity of 335 mAh/g (x=1), while bronze TiO>
(b-Ti0O2) (monoclinic) can offer a higher theoretical capacity of up to 420 mAh/g (x=1.25).[64-66]
Bronze-phase and anatase-phase TiO; have exhibited interesting fast intercalation
characteristics.[63,66] However, TiO; materials face the problem of poor electronic conductivity
(~10'2 S/cm) and limited reversible capacity hindering their practical applications.[64] For
example, rutile bulk materials, known as the most thermodynamically stable polymorph of TiO»,
can only provide negligible reversible Li intercalation (x<0.1) at room temperature, though this
can be improved by modification strategies.[64] By contrast, anatase bulk materials can provide
high reversible capacity more than 200 mAh/g.[65,66] Other than Ti oxides, Nb oxides or mixed
Ti-Nb oxides offer very interesting properties as potentially fast charging anodes.

Figure 2.7 presents some Wadsley-Roth phase materials, including H-Nb>Os, TiNb24Oe2,
TiNbeO7, Ti2Nb10O29, and TiNb2O7, that have been considered for fast charging application.[67]
These anode materials provide similar lithiation curves involving a single solid-solution phase

region (region I), a two-phase coexistence region (region II), and another solid-solution phase
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region (region III), which suggest a common lithiation mechanism. The theoretical Li-ion storage
properties of these oxides are provided in Table 2.3 in reference to the properties of graphite.
Among these, niobium (V) oxide-based anode materials are gaining increasing attention due to
higher theoretical capacity than LisTisO12 originating from niobium’s two redox couples of

Nb**/Nb*" and Nb**/Nb**.

i (a)— - —H-NbO,
2.2 (b) anatase TiO,
3 (©)= = Ti,,.Nb, .0,
~ 2041 ~ | (d)——TiNb,0,
a’ ' - -
s 184 (e)——TiNbO,
5‘ P e B ® —TiNo,0,
>: 1.6 4 —Tlo 95.\'b: 0:0‘
1.4-
1.2
Lo 00

00 02 04 06 08 10 12 14
Liper transition metal

Figure 2.7 Discharge profiles of various Ti and Nb oxide pristine materials: (a) H-Nb2Os, (b)

anatase-TiO2,[67] (¢) Nb-substituted TiO2 (Tio.75sNbo2502),[67] (d) TiNb24Oe2, (€) TiNbsO7, (f)

Ti2Nb10029, (g) Ti0.98Nb2.0207, and (h) TiNb2O7. Normalized by Li per transition metal (Ti and Nb).

Reproduced with permission.[59] Copyright 2020 American Chemical Society.

Table 2.3 Li-ion storage characteristics of Ti and Nb oxide anode materials compared to graphite

Theoretical Theoretical

Amge  Grwimerc  Nolumette (U ConduCt, et B0 changs et
[mAh/g] [mAh/em?] V] [em?/s] [%]

Graphite 372 837 ~0.1V 10-10* 1071-107"7 10-12 26869
LigTis012 175 760 ~1.55 107-1013 107810716 <1 [38,42,55]
TiO» 355 1324 ~1.7 10°-10-12 1071321077 <4 [63.66,70]
Nb2Os 4%)2(.)3()(6:4)1) 187Sé§.62(?)j=242) -7 107107 107107 > &l
TiNb,O; 387.6 1680 ~1.65 1010 107810715 6-9 i
Ti2Nb1¢O29 396 1800 ~1.65 1078 107110713 1-9 et
TiNb2Os2 401.7 1820 ~1.65 10°-10°8 10"'-10°" 1-8

As shown in Figure 2.8, Nb2Os can exist in several polymorphic forms mainly including
pseudohexagonal Nb>Os (TT-Nb2Os), orthorhombic Nb2Os (T-Nb2Os), and monoclinic Nb2Os (H-

Nb20s5).[42,43] The lithiation reaction of Nb2Os can be expressed as follows:
Nb2Os +x Li"* +x e < LixNbyOs (equation 2.14)
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where when x is 2, it involves the Nb>"/Nb*" redox couple, corresponding to a theoretical capacity
of ca. 200 mAh/g; while when x is 4 the theoretical capacity can be up to 403 mAh/g if Nb>* can
be fully reduced to Nb>".[44,60,81] However, their practical electrochemical performance may
vary significantly from one of polymorph to the other as it depends on crystal structure and other

material characteristics.[60,81]
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Figure 2.8 Structural schemes of (a) TT-Nb2Os, (b) T-Nb2Os, and (¢) H-Nb2Os. Reproduced with
permission.[82] Copyright 2012, Co-Action Publishing.

Among these polymorphs, it is the niobium-based oxides with Wadsley-Roth crystallographic
shear (e.g., H-Nb2Os) that show the highest promise as high-rate anode materials for fast-charging
LIBs. The “Wadsley-Roth” phase compounds system was established based on the groundbreaking
research conducted by Roth and Wadsley in 1950s and 1960s.[44,83-86] R. J. Cava et al.[87] from
Bell Laboratories further clarified the “Wadsley-Roth” phase and systematically investigated the
lithium insertion behavior of Wadsley-Roth phase materials. The Wadsley-Roth crystallographic
shear structure provides 3D open framework for Li ion diffusion within the bulk. The Wadsley-
Roth phase is built of edge-shared and corner-shared MOy octahedra, which are generally found at
stoichiometries between MO3; and MO,. Figure 2.9(a) illustrates the corner-shared structure of
ReO; represented by MOg octahedra.[87] The Wadsley-Roth crystal structures are formed from
n X m X oo ReOs-type blocks, with n and m indicating the length and width of the blocks,
respectively, in numbers of octahedra.[87] These blocks link to adjacent blocks either through edge
sharing or a combination of edge sharing and tetrahedrally coordinated metal atoms at the block
corners. The corresponding stoichiometries can be expressed as the formula My 511 O3nmp-(n+m)p+4»
with p denoting the number of blocks at the same level connected through edge sharing.[87]
Within this stoichiometry range, compounds maintain open-tunnel-like regions in their structure

and are enclosed by regions of extensive edge-sharing. To date, Wadsley-Roth phase compounds
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with n X m X o blocks (where n and m ranging from 2 to 5) or n X o X oo blocks, and various

types of blocks, have been identified.[44,85,86]
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Figure 2.9. (a) Corner-shared structure of ReO; represented by M Og octahedra. Reproduced with
permission.[87] Copyright 1983, ECS-The Electrochemical Society. (b) Wadsley-Roth phase
structure of H-Nb2Os material with 3 X 4 X co ReO;-type blocks and 3 X 5 X co ReO; -type
blocks. Reproduced with permission.[88] Copyright 2016, American Chemical Society. (c)
Crystalline structure of Li1.714Nb20Os projection onto the (010) plane, from Rietveld refinement of
neutron diffraction data. Fivefold and fourfold coordinated Li atoms are shown as circles and

squares, respectively. Reproduced with permission.[89] Copyright 2014, The Royal Society of
Chemistry.

H-Nb2Os (monoclinic Nb2Os), classified as a Wadsley-Roth phase material, offers a
crystallographic shear structure with a space group of C2/m (Figure 2.9(b)).[88] It consists of
3x5x © ReO;-type blocks and 3x4x @ ReOs-type blocks. These blocks are joined through both
corner-sharing involving MO, tetrahedra and edge-sharing octahedra along their perimeters,
extending infinitely along the b-axis direction.[87] Neutron powder diffraction measurements of
the lithiated phase of H-Nb;Os reveal that this structure accommodates two types of Li
coordination in the asymmetric unit of Li;714Nb20Os: (1) tetracoordinated perovskite-type LiO4
(four-coordinated) are located within the ReO3 blocks, as denoted as blue circles (Figure 2.9(c));
(2) LiOs (five-coordinated) square-pyramidal sites exist on the block edges, depicted as blue
squares (Figure 2.9(c)).[89] As a result, the unit cell volume expands by 5.3 %, accompanied by
an increase in the b lattice parameter by 8.1% and a decrease in the a and c lattice parameters by
-1.7 % and -1.2%, respectively.[89] This implies that Li ions accumulate in the bulk along b
channel. Besides H-Nb,Os, Wadsley-Roth phase crystal structures are encountered in the mixed
system of TiO2-Nb2Os. In recent years, titanium niobium oxide materials (Ti2Nb2xOs+sx, or
(Ti0O2)2(Nb20s)x) have been found to possess very favorable structural and intercalation properties,

proposed for fast charging anode applications.[59,74] This family mainly includes TiNb,O7 (x=2),
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Ti2Nb10O29 (x=5), and TiNb24Os2 (x=24), which provide high theoretical gravimetric capacity of
387.6, 396, and 402 mAh/g, respectively.[56,74] These capacities surpass those of graphite, and
are more than twice that of LisTisO12 anode. All these three compounds feature Wadsley-Roth
phase monoclinic shear crystal structures with corner-shared and edge-shared ReO; -type
octahedron blocks.[74] Figure 2.10 presents the monoclinic TiNb2O7 (space group C2/m)
consisted of 3 X 3 X oo ReO;-type octahedron blocks, and the monoclinic Ti2Nbi0O29 (space
group A2/m) and TiNb24Os2 (space group C2) phases, the latter made up of 3 X 4 X oo ReOs-type
octahedron blocks.[74] Similar to H-Nb2Os, Wadsley-Roth phase structures allow TizNbaxO4-sx
crystals to achieve high structural stability with minimal volume change (<8 %) during lithium
intercalation. Additionally, they provide a safe working potential of above 1 V, which prevents the
electrolyte decomposition (<0.8 V), and lithium dendrite formation phenomena (<0.2 V).[44]
Among these, TiNb,O7; material has drawn most attention by both academia (e.g., Prof.
Goodenough’s pioneer research) and industry (e.g., Toshiba’s commercialization project),[90] and

as such it has been selected as the focus of this thesis.
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Figure 2.10. The schematic Wadsley-Roth phase crystal structures for (a) monoclinic TiNb2O7
with 3x3%00 ReO5-type blocks, (b) monoclinic Ti2Nb1oO29 with 3x4xc0 ReO5-type blocks, and (c)
TiNb24Os2 with 3x4x00 ReO5-type blocks, showing green and blue blocks offset by 1/2b in the
structure. Reproduced with permission.[59] Copyright 2018 The Royal Society of Chemistry.

2.2. Titanium Niobium Oxide Anodes (TiNb207)

Titanium niobium oxide (TNO-TiNb2O), as briefly discussed above, is a promising candidate
for fast-charging LIBs in EVs.[56] After tracking back the pioneering studies, this section provides
a comprehensive review of its merits, including high-rate capability, high specific capacities,

safety, and cycling stability. It also delves deeper into the fundamentals of TNO, discussing
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material structure, working mechanism, and electrochemical performance. Lastly, various
modification methods are detailed, such as structure engineering, doping modification, and carbon
modification that are applied to enhance TNO’s performance as fast charging anode.
2.2.1. Pioneering Studies of TiNb20~
In 2011, Prof. John B. Goodenough and co-workers first introduced the TiNb>O7 anode
material as a new framework for LIB anodes,[91] and in 2014, they successfully obtained a US

patent (US8647773B2), entitled “niobium oxide compositions and methods for using same”.
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Figure 2.11. (a) Charge/discharge curves of the C-TNO anode and cycling stability over 30 cycles
(inserted) cycled at 0.1 C between 1.0 and 2.5 V. (b) Charge/discharge curves of the C-TNO anode
and cycling stability over 40 cycles cycled at 0.1 C between 0.4 and 2.5 V. Reproduced with
permission.[91] Copyright 2011 American Chemical Society. (c) Details of capacity matchup of
C-TNO anode and LiNig.sMn1.504 cathode full cell. The cells were operated at the C/10 rate with
the cutoff voltages of 1.0-2.5 V for C-TNO/Li cell and 3.0-4.9 V for LiNio.sMni.504/Li cell. (d)
Charge/discharge curves for a C-TNO/LNMO full-cell at C/10 with capacity limited by C-TNO
cycled between 1.5 and 3.5 V. Reproduced with permission.[92] Copyright 2011 American
Chemical Society.
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In their research, Goodenough et al.[91] synthesized micron-sized TNO particles (bare TNO
sample) using a sol-gel synthesis method and applied a carbon coating modification (C-TNO). The
obtained C-TNO (Figure 2.11(a)) provides a remarkable discharge capacity of 470 mAh/g and
high charge capacity of 350 mAh/g in the first cycle at 0.1 C cycled between 2.5 V and 0.5V,
followed by a reversible capacity of 350 mAh/g over 40 cycles. The low initial Coulombic
efficiency of 74% (350 mAh/g charge capacity vs. 470 mAh/g discharge capacity) is associated
with the formation of an SEI layer. To prevent this issue, the cut-off working voltage is set to 1 V.
As shown in Figure 2.11(b), C-TNO delivers a high reversible discharge capacity of 280 mAh/g
at 0.1 C cycled between 2.5 V and 1.0 V for 30 cycles, and a discharge capacity of 270 mAh/g at
subsequent 30 cycles at 0.2 C.

Subsequently, Prof. John B. Goodenough et al.[92] reported full-cell performance of the
carbon-coated TiNb>O7; (C-TNO) anode paired with a LiNipsMnis0s cathode. The capacity-
potential profiles (Figure 2.11(c)) of a C-TNO/Li half-cell (1.0-2.5 V) and LiNio.sMn; 504/Li cell
(3.0-4.9 V) detail the combination of these two half-cells into a single full cell with a 3.5 V
operating voltage. Correspondingly, the C-TNO/LiNiosMn; 504 full-cell (Figure 2.11(c)), with
limited C-TNO, provides a high reversible capacity of 200 mAh/g over 50 cycles and an average
output voltage of 3V, tested at C/10 between 1.5 and 3.5 V.

After that, Toshiba Company reported their research on TNO anodes in 2013, considering
TNO to be a next-generation EV battery anode that promises high energy density and ultrafast
recharging capability.[93-95] In 2017, Toshiba first launched the development of a commercial
TNO and announced that their TNO anode achieves double the volumetric capacity compared to
graphite-based anode.[90,93-97] Impressively, this company who commercially had developed the
Li4Ti5012 anode since 2008 regarded TNO as a better alternative to produce a super-safe, durable,

and fast-charging LIB anode.[43]

2.2.2. Electrochemical Performances and Redox Properties
Titanium niobium oxide (TiNb2O7, TNO) (Figure 2.12) maintains many of the safety features
(operating potential window, 1.0-3.0 V) and electrochemical cycling properties associated with Ti-
O based anodes, while it has a significantly higher theoretical capacity than LisTisO12, namely

387.6 mAh/g.[74] This high capacity results from contributions of three redox couples, including
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Ti**/Ti*", Nb**/Nb*', and Nb*"/Nb>.[98] This high theoretical capacity can be attributed to the
lithium insertion reaction of up to 5 Li-ions (LisTiNb>O7), given below:
TiNb2O7 + x Li" + x ¢ — Li, TiNb,O7 (equation 2.15)

Using the true density of 4.34 g/cm?, TNO exhibits a very high theoretical volumetric capacity
of 1680 mAh/cm? (twice that of graphite with 837 mAh/cm? and almost as high as that Li metal
that has 2061 mAh/cm?).[68] Practically, available gravimetric and volumetric electrode capacity
can exceed 341 mAh/g (Figure 2.12(a)) and 660 mAh/cm?, respectively, as reported by Toshiba
(Figure 2.12(c)).[94] Impressively, these performances are based on practical-level TNO
electrodes featuring high composition of 91 wt.% TNO powder, an electrode density of 2.7 g/cm?,

and a high mass loading of up to 10 mg/cm?.

x in Li,TiNb,O;

0 1 2 3 4 5
(a) 3 T . (b) 400 ;
300
25
= L
= One-phase reaction . 200
i b . ® L
£ 2 [ Two-phase reaction . < 100
= R One-phase reaction E
© T z 0
=15 o
o s 5
I3 3 -100
&
1 -200
Temperature:25°C -300
0.5
0 50 100 150 200 250 300 350 400 5

0.5 1 1.5 2 25 3

Capacity (mAh g-'-TNO) Potential (V vs. Li/Li*)

(C) 800

700 } 02C 1C 2C 3C 5C 8C 10C o0.2cC

=2
(=]
L=

.............................

Volumetric capacity (mAh cm=)
B
=]
o

0 1.0 2.0 3l0 c 4I0I 5;? 6IO 70 8.0 90
ycle number

Figure 2.12 (a) Capacity-vs.-potential profile of TNO electrode during discharging (filled circles)

and charging (open circles) at 15 mA/g. (b) Cyclic voltammogram of TNO electrode between 0.6

and 3.0 V vs Li"/Li at a sweep rate of 0.1 mV/s. (¢) Capacity retention of low-density TNO, high-

density TNO, carbon-coated high-density TNO (®,0) cycling at various rates between 1 and 3 V.

Copyright 2018, with permission from Elsevier[94].
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Toshiba investigated the lithium insertion reactions of LixTiNb,O7; (0<x<4.4) (Figure
2.12(a)) between 3-0.6 V at a current density of 15 mA/g.[94] The lithium insertion of pristine
TiNb,O7 starts with one-phase reaction (e.g., solid-solution reaction) over the range 3-1.7 V, which
corresponds to the range of x=0-0.6. With more lithium inserted into the bulk of TNO, x ranging
from 0.6-1.6, a noticeable potential plateau occurs between 1.7 V and 1.6 V, which is associated
to a two-phase coexistence region.[68] In the range of x=1.6-4.4, another one-phase reaction
occurs over 1.6 V to 0.6 V. Overall, the TiNb207 anode provides a high capacity of 341 mAh/g
corresponding to x=4.4. A typical cyclic voltammogram of TNO is given in Figure 2.12(b). The
predominant peak at 1.58/1.69 V has been assigned to the redox couple of Nb>*/Nb*".[68] The
peak corresponding to Nb*"/Nb*" can be found below 1.4 V, while the peaks of Ti*"/Ti*" redox
reaction are broad located from ~1.8 V to ~1.0 V.[68,94] Additionally, Toshiba determined the
practical volumetric capacity under various rates.[94] They compared three TNO-based electrodes
including low-density TNO electrode (70 wt% TNO with 20 wt% AB conductor and 10 wt%
binder) with mass loading of 1.9 g/cm?, high-density TNO electrode (91 wt% TNO) with mass
loading of 2.7 g/cm®, and carbon-coated high-density TNO (91 wt% TNO with 2 wt% carbon
coating). As shown in Figure 2.12(c), the high-density TNO electrode offer a high volumetric
capacity of 660 mAh/cm?® at 0.2 C between 1 and 3 V, which is almost twice that of low-density
TNO electrode (with 340 mAh/cm?). After coating modification, the optimal carbon-coated high-
density TNO electrode offer remarkable rate performance of 660, 570, 560, 550, 520, 470, and 340
mAh/cm*at0.2C,1C,2C,3C,5C,8C, and 10 C.

2.2.3. Crystal Structure and Lithiation Diffusion Mechanism
TiNb2O7, with the monoclinic structure, belongs to space group C2/m with unit cell
parameters, a=~20 A, b=3.9 A, c=12 A, and f~120°[75,99] As shown in Figure 2.13(a),
titanium (Ti) and niobium (Nb) atoms are each coordinated with six oxygen atoms, forming
octahedral groups (NbOg and TiOg) occupying the edges and corners of the structure.[74] More
precisely, nine MOg (3%3) octahedra(M=Ti or Nb) build a crystallographic shear ReOs-type crystal

structure (Figure 2.13(b, ¢)) with linear columns along the h-axis.[37,84]
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Figure 2.13 (a) Crystal unit cell of TiNb2O7 drawn using the Materials Project.[18] (b) The
3 X 3 X o0 ReOj; shaded octahedra blocks; purple and green shaded blocks are offset by 1/2b in
the structure. (c) Large crystal cell of TiNb2O7 with five symmetrically distinct transition-metal
(M) sites labeled M1—Ms5 and two types of infinite tunnels along the b axis labeled T1 and T2.
Reproduced with permission.[75] Copyright 2019 American Chemical Society

To reveal the crystal evolution of TNO during lithiation, Yu et al,[99] applied in-situ XRD
characterization and Rietveld refinement to illustrate the lattice parameters with the results shown
in Figure 2.14(a-e). In the pristine TNO crystal, the lattice parameters a value, b value, ¢ value, S
angel, and unit-cell volume (V) are 20.353(7) A, 3.797(8) A, 11.881(6) A, 120.34(1)°, and 792.4
A3, respectively. During discharge from 3 V to 1V, the b value and ¥ linearly increase up to 3.90
A and 846 A’ respectively, while the a value and ¢ value initially increase and then decrease.
Overall, the volume expansion (Figure 2.14(d)) is determined to be 6.85% smaller than that of
graphite (~9%), which suggests better crystal structure stability.[56,74] Based on these in-situ
XRD refinement results, Yu et al,[99] proposed a more in-depth understanding of the phase-
transformation evolution, as illustrated in Figure 2.14(f-m). During the first one-phase solid-
solution reaction process, as shown in Figure 2.14(f,j), Li" ions preferentially insert into the bulk
and occupy the low-energy octahedral sites namely 4i(1) and 41(2), until the Lio.ssTiNb,O7 phase
is formed (Figure 2.14(g,k)). During the two-phase transformation, internal Li ions at 4i(1) sites
diffuse to the 4i(3) and 4i(4) sites, while external Li ions insert into 4i(1) sites simultaneously
(Figure 2.14(g,k)). This process continues until 4i(1) sites are fully occupied, forming
Li2.67TiNb20O7 (Figure 2.14(h,l)). In the final solid-solution reaction (Figure 2.14(h,l)), the Li ions
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at the 4i(1) and 4i(2) sites move to the 4i(5) sites, and then, external Li* ions insert into the 4i(1)
and 4i(2) sites. Meanwhile, the Li* ions at the 4i(3) sites are transferred to the 8j sites to form the

final product LisTiNb2O7 (Figure 2.14(i,m)).
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Figure 2.14 Changes in crystal lattice parameters (a) a value, (b) b value, (c) ¢ value, and (d) unit-
cell volume (V) as a function of (e) potential (state of charge) and corresponding lithiated states
during discharging: (f,j) TiNb2O7, (g,k) Lio.ssTiNb2O7, (h,l) Li267TiNb207, and (i,m) LisTiNb2O7.
Reproduced with permission.[99] Copyright 2017 Elsevier.

This phenomenon can be attributed to the accumulation of Li" ions along the b-axis, where
the b-axis channel is determined to be the energy-favorable channel for Li-ion diffusion within the
crystal.[75] Specifically, the Grey group[75] using DFT calculations found that barriers for lithium
hopping are 0.1—0.2 eV along b-axis tunnels but approximately 0.7—1.0 eV across the blocks (ac
plane). Further, they found that lithium diffuses fast in the phase of LixTiNb,O7 (x<3) and lithium
diffusion is hindered in the multi-redox region (LixTiNb2O7 (x>3)). Overall, the diffusion in the
TiNb2O7 crystal is fast with diffusion coefficient of 10! to 107> m%/s, as determined by
galvanostatic intermittent titration technique (GITT).[75]
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2.2.4. Electronic Conductivity
Despite these favourable ion diffusing merits above, the poor electronic conductivity of TNO
limits attaining full capacity, high rate, and good cyclability. The absence of free electrons in the
empty 3d/4d orbitals of Ti*" and Nb>* ions theoretically results in the insulating nature of TiNb>O7,
which is consistent with the experimentally low electronic conductivity data of less than 10 S/cm
(Table 2.4).[56,75,100]

Table 2.4 Resistivity and Conductivity of LixTiNb,O7 at room temperature
x in LixTiNb,O7 =~ 0* 0.25 0.50 1.0 1.5 2.25 3.00

ResISVItY (0) - 1p9  5u10 1107 7x10°  2x10° 2x10°  8x10?
[ohm/cm]

Conductivity (@) 109 2,102 102 1.4x10°  5x10% 5x10% 1.25x10°
[S/cm]

Note: Resistivity of TiNb,O7 is extrapolated from 450-1100 °C data of Xing et al[100] and the
resistivity of LixTiNb2O7 (x=0.25 to 3.00) is determined using four-point probe by Grey et al.[75]

The electronic conductivity of TiNb2O7 has been investigated by the Grey group[75] as a
function of lithium composition using four-point resistivity measurements of cold-pressed pellets
cycled in coin cells (Figure 2.15(a)). Interestingly, TiNb,O7 transforms from an insulator phase
to a highly conductive phase upon lithiation (LixTiNb2O7), exhibiting a conductivity up to 10 S/cm
in room temperature (Table 2.4). Theoretical calculations (Figure 2.15(b,c)) revealed this
phenomenon to arise from n-type self-doping of TiNb2O7 with lithiation and also that electronic

conduction is anisotropic.[75]
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Figure 2.15 (a) Four-point probe resistivity of electrochemically lithiated pellets of TiNb2O7.
Density of states (DOS) for (b) pristine and (c) lithium-doped TiNb>O7 supercell. Reproduced with
permission.[75] Copyright 2019 American Chemical Society.
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2.2.5. Challenges and Modification Strategies

The materials properties of TNO discussed above highlight its excellent potential as a high-
rate anode. However, its drawback of inherently low electronic conductivity significantly limits its
practical application.[90] Additionally, the electrochemical performance of an actual battery is
hindered by the electrode architecture.[38] From the electrode-level perspective, the diffusion of
Li ion involves three processes: (1) breakup of Li" solvation sheath (desolvation), (2) electron
transfer and Li" diffusion through the interface, and (3) Li* diffusion in the material bulk.[44] Since
the commonly used operating voltage is above 1 V, preventing the formation of a SEI film,
modification strategies primarily focus on Process (2) and Process (3).[44,92] Accordingly, this
section explores strategies including structure engineering, ion doping, and carbon modification
(graphically summarized in Figure 2.16), which are integral parts of the research conducted in this
thesis.

Structure Engineering. Crystal structure engineering can significantly improve Li" diffusion
in material bulk (Process (3)). Structure engineering involves controlling particle size, shape, and
crystal type, properties that influence electrochemical performance. First, the minimization of
particle size and control of particle shape are beneficial in terms of shortening the Li-ion diffusion
pathway and resisting stress from the strain induced by the lithiation/delithiation process. Second,
the crystal structure (i.e., monocrystalline or polycrystalline) influences crystal orientation and

grain boundaries, thereby affecting the Li ion diffusion pathway and structural stability.[90,101]

Process (i)
Breakup of Li* Process (iii)

solvation sheath Li* diffusion in material bulk I
» | Structure engineering
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Electron transfer and Li* S
diffusion through the interface

Figure 2.16 Schematic diagram of Li" diffusion into the anode and functions of different
modification strategies. Reproduced with permission.[44] Copyright 2021 Wiley.
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Ton doping. Ion doping can improve electron transfer and Li" diffusion through the interface
(Process (2)) and Li" diffusion in the material bulk (Process (3)). Doping strategies are effective
for increasing intrinsic electronic conductivity, mass transfer, and structural stability.[74,90,102]
To increase conductivity, doping can narrow the band gap by providing mid-gap defect
bands/states and by possibly also introducing more holes (p-type doping) or valence electrons (n-
type doping) [56,90]. Also, doping can reduce the Li" hopping energy barrier, thereby increasing
the lithium-ion diffusion coefficient [56,90]. Additionally, large size dopants can enlarge the
diffusion channels in the TiNb,O7 crystals, such as chromium (Cr**),[103] lanthanum (La**),[104]
zirconium (Zr*"),[105] ruthenium (Ru*"),[106] cerium (Ce*"),[107] terbium (Tb>"),[108]
molybdenum (Mo>* and Mo®"),[109-111] tungsten (W®"),[112,113] etc.

Carbon modification. Carbon modification can promote electron transfer and Li* diffusion
through the interface (Process (2)). Carbon modification includes carbon coating[91,92] and
mixing with graphene,[114,115] graphite,[116] carbon nanofibers,[117] carbon nanotubes,[118]
and other carbon-based materials. These modifications can effectively increase the conductivity of
the electrode, modify the electrode/electrolyte interface, build fast-electronic/ionic networks, and
stabilize the electrode materials during cycling.[56,74]

2.3. Solution Synthesis of Titanium Niobium Oxides
2.3.1. Overview: From Solid-state Synthesis to Solution Synthesis

The investigation into TiNb>O7 crystal synthesis methods dates back 70 years. In 1955, Roth
and Coughanour,[83] first successfully synthesized TiNb2O7 crystals using high-temperature
calcination and systematically established the TiO2-Nb2Os phase diagram for temperatures ranging
from 1450 to 1520 °C (Figure 2.17(a)). Their research revealed that TiNb>O7 (TiO2-Nb20Os),
TiNb24Os2 (TiO2-12Nb20s), TizNbsO19 (2TiO2:3Nb20s), and other Ti-Nb-O compounds can be
produced by controlling the composition ratios of TiO2 and NbOs under high-temperature
annealing. In 1969, Jongejan and Wilkins[119] further confirmed this phase diagram (Figure
2.17(b)). In 2023, Liu and Gong et al.,[120] expanded the TiO2-Nb,Os phase diagram (Figure
2.17(b)) to cover a broader temperature range from 1100 °C to 1900 °C, combining experimental
data and theoretical calculations. These works directly guide the synthesis of TiNb2O7, especially
for solid-state synthesis, and establish principles for other synthesis methods. According to this
phase diagram, high-temperature calcination is essential for the formation of TiNb2O7 crystals,

consistent with other experimental results.[74]
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temperatures. Reproduced with permission.[83] (b) Calculated phase diagram of TiO>—
Nb2Os system with experimental data of Roth and Coughanour,[83] Jongejan and Wilkins,[119]
and Liu and Gong et al..[120] Reproduced with permission.[120] Copyright 2023 Elsevier.

Solid-state synthesis (Figure 2.18) involves solid phase reactions of solid particles under
high-temperature calcination, forming a new phase through atomic diffusion and phase
transformation.[121,122] It generally includes mixing precursors, milling, and high-temperature
calcination.[17] If solid-state synthesis is using high-energy ball milling prior to calcination it is

also known as mechanochemical assisted process.[17,122]
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Figure 2.18. Schematic illustration of the solid-state synthesis process for TiNb,O7 crystal
materials.

This method offers benefits (Table 2.5), including simplicity, low cost, large-scale fabrication,
and good control over stoichiometry, making it highly favored for industrial production.[74,122]
However, it also has disadvantages, such as high reaction temperatures, slow reaction kinetics, and
non-homogeneous reactions, which cause poor control over phase purity, particle size, and
morphology.[122] As evident in phase diagram (Figure 2.17), solid-state synthesis methods for

TiNb2O7 crystal materials suffer from the drawback of formation of impurities due to incomplete
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conversion or side reactions (TiNb2O7+TiO> mixture, or TiNb,O7+Nb,Os mixture), even after
long-time ball milling; this issue arises due to the non-homogeneous distribution of TiO> and

Nb2Os bulk particles (Figure 2.18).[120,122]
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Figure 2.19. Schematic illustration of the typical fabrication process for TiNb2O7 crystal materials
via solution synthesis method.

Solution reactions Calcination

To increase the purity of components and decrease the calcination temperature, the
preparation of precursor materials via solution reactions (solution synthesis methods) has been
widely adopted.[120,122] Solution synthesis is defined as a synthesis technique using chemical
reactions in aqueous or organic solutions to produce particulate compounds.[123,124] Solution
synthesis facilitates atom/ion-level mixing of chemicals in liquid media, leading to highly
homogeneous reactions.[125] Compared with the solid-state synthesis, the solution-based
synthesis methods (Figure 2.19) apply either water or organic solvents as reaction media that allow
for better dispersion of reactants and more precise control over the formation of Ti-Nb-O
nanoparticle precursors (Table 2.5).[114,126,127] Over the past few decades, the solution-
synthesis techniques have been used to produce a variety of nanomaterials with impressive
morphology structures, including nanoparticles, nanofibers, nanospheres, nanorods, nanotubes,
etc.[59,74] More interestingly, solution synthesis methods are more amenable to modification
strategies like crystal structure control, elemental doping, and carbon modification.[56,128,129]

However, solution synthesis methods have also some disadvantages including process
complexity and high cost due to the use of chemicals and solvents.[126] Depending on the types
of solution media and reactions to prepare the precursor compounds, solution synthesis methods
(Figure 2.20) can be classified into solvothermal synthesis, sol-gel synthesis, aqueous co-

precipitation synthesis, and others.[74,130]
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Table 2.5 Characteristics of synthesis methods for TiNb,O7 materials

Smyel::ll:)edsls Advantages Disadvantages

o Straightforward process ¢ Presence of impurity phase
Solid-state e Low cost ¢ High reaction temperature
synthesis e Scalable (most favorable for industry ¢ Non-uniform and sluggish reaction

production) e Poor control over size and morphology

Solution e High phase purity o Specific equipment needed (autoclave)
synthesis: e Low calcination temperature e Safety concern (i.e., high pressure)
Solvothermal e Good control over size and morphology e High cost (i.e., organic chemicals)
& Sol-Gel e Low-yield reaction
Solution e Scalable (i.e., continuous reactions)
synthesis: e Low calcination temperature .
Az,queous Co- e Good control over size and morphology * Challenges to control reactions

. e e . e Limited control over phase purit
precipitation e Cost-effective verp Uty

o Efficient (Fast reaction kinetics)

Among these methods, solvothermal synthesis and sol-gel synthesis have been widely used
for TiNb,O7 materials.[122] By contrast, co-precipitation synthesis, though rarely applied, holds
significant potential for practical application, as evidenced by its use in the production of
commercial LisTsO12 anode[131] and NMC cathode materials[17,132]. Given the similarities
among solution synthesis methods, solvothermal synthesis (Figure 2.21), has been selected to

illustrate general properties of solution synthesis.
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Figure 2.20. Schematic illustration of solution reactions for (a) Hydrothermal & solvothermal
synthesis, (b) Sol-gel synthesis, and (¢) Co-precipitation synthesis.

2.3.2. Solvothermal Synthesis
Hydrothermal synthesis involves chemical reactions in aqueous solution at temperatures
above the boiling point of water in a closed system, leading to particle formation.[123,124]
Solvothermal synthesis (Figure 2.21) is based on a similar chemical reaction but occurs in
nonaqueous solutions.[125,126] These methods offer advantages over other solution synthesis by

providing better control over particles size and morphology, as well as enabling synthesis of water-
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sensitive products.[133] Currentlly, only solvothermal synthesis methods have been applied for
TiNb>O7 synthesis, whereas hydrothermal synthesis has not because Ti- and Nb- salts are highly

reactive with water (spontaneous hydrolysis).[105]
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Figure 2.21 Schematic description of solvothermal synthesis of TiNb2O7.

As shown in Figure 2.21, the typical TNO synthesis by the solvothermal method generally
consists of three-steps: (1) solution preparation, (2) solvothermal reaction in an autoclave, and (3)
calcination. Thus, the TNO crystal material can be manipulated by some key parameters, including
the reactants’ concentrations, type of solvent, additives, temperature, etc.[134] Many studies
explored the effect of various parameters and corresponding results for TNO material synthesis by
this method are summarized in Table 2.6.

The role of the solvent in the solvothermal process is critical as its physical properties
(dielectric constant, polarity, density, etc.), chemical properties (mainly the solvation and the
ability or not to form complexes and solubilize salts), can affect the solid product formation and
yield.[126] The solvent should provide good solubility for Nb source and Ti source salts. Alcohols
have been widely applied as solvents including ethanol,[98] glycerol,[135]
isopropanol(C3HgO),[135] etc., but also acids (e.g., acetic acid,[136]) have been used.

The selection of a metal source for Ti and Nb is a key consideration (Table 2.6). Both
inorganic and organic metal sources have been used in recent studies. The main Ti sources are
titanium isopropoxide (Ti(OC3H7)s, TTIP),[98,136,137] tetrabutyl titanate (Ti(OC4Ho)4),[138,139]
and titanium oxysulfate (TiOSO4).[136,138] But another Ti source that needs to be considered is

the abundant and low-cost TiCls that has been used by our group in the synthesis of TiO> (Yasin et
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al.[140]) and Li4Ti5012 (Chiu et al.[62]). By contrast, the choices of Nb sources are fewer including
the inorganic NbCls[135] and organic niobium ethoxide(Nb(OC;Hs)s)[136]. Furthermore, the
molar ratio of Ti and Nb generally should be about 1:2 to enable the formation of the TiNb20O
phase rather than that of other components.

Furthermore, surfactants added in solution (e.g., Pluronic P123,[138] diethylenetriamine
(DETA),[137] ethylenediamine[141] or Ethylenediaminetetraacetic acid (EDTA)[142]) may play
key roles in the modification of material morphology via altering the crystallization pathway. The
surfactants can be assembled in the precursor preparation step and then be removed at the high
calcination step. For example, Park et al.,[137] exhibited the importance of DETA surfactants for
controlling the morphology and porosity. The molar ratio of Ti/Nb metal alkoxide (Cme) to DETA
(Cpe) directly influenced the formation of TNO particles. Low Cpe/Cwme ratio (0.05-0.2) favored
formation of microsphere structure embedded with nano TNO crystallites, whereas high Cpe/Cwme

ratio of 0.5 resulted in particles without regular shape.

Figure 2.22 SEM images of TNO microspheres prepared at different reaction times via the
solvothermal method: (a) 6 h, (b) 12 h, (c) 24 h. Reproduced with permission.[137] Copyright
2015 Wiley.

Other parameters to be controlled in a solvothermal reaction process are temperature and time
the manipulation of which can lead to the formation of metastable phases and/or different particle
morphologies via in situ phase transformation reactions.[137,143,144] Park et al.[137]
demonstrated the influence of reaction time during solvothermal synthesis as depicted in Figure
2.22. The increase in the reaction time increases the diameter of the TNO microspheres. The 6h-
prepared TNO particles are with an uneven particle size distribution from tens of nanometers to
microns, by contrast, the 24h-prepared TNO particles possess more uniformed particle size

distribution and larger micron-level crystallite size.
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Figure 2.23 Comparison between the TNO precursor and the calcined TNO. (a) SEM image and
(b) XRD pattern of TNO precursor; (¢) SEM image and (d) XRD pattern of the calcined TNO; and
(e-f) mapping images of mesoporous-TNO particle. Reproduced with permission.[135] Copyright
2017 Elsevier

Often, an amorphous, poorly crystalline or metastable intermediate material is obtained from
the solution precipitation reaction that requires further thermal treatment to obtain the desired final
crystalline phase. Therefore, an annealing/calcination processing step is indispensable in inducing
crystallization of TNO as happens with other Li-ion storage materials like LisTisO12 (Chiu et
al.[145,146]). In the annealing process, the precursor transforms into the TNO crystal structure
and simultaneously particles grow or undergo other physical changes. Of interest in this context is
the work of Liu et al.,[ 135] who applied solvothermal method and annealing/calcination to obtain
TNO nanoparticles. In this study, they illustrated the importance of annealing by comparing the
solvothermal-synthesized precursor before the annealing process (Figure 2.23(a,b)) and the
calcined TNO (Figure 2.23(c,d)). The solvothermal-synthesized precursor had a spherical shape
with the 1-1.8 pum diameter, no pores, and a rather rough surface. As Figure 2.23(b) illustrates, the
XRD pattern reveals a poorly crystalline TNO precursor phase. By contrast, the calcined TNO
material consisted of TNO nanoparticles (17nm) assembled into mesoporous microspheres (600-
900 nm) with a specific surface area of 22.22 m*/g. The calcined samples can be properly matched
to the monoclinic structure of the TiNb2O7 (JCPDS: 70-2009) with homogeneous composition as

disclosed by the elemental maps in Figure 2.23(e-h).
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Table 2.6 Summary of solvothermal synthesis studies for TiNb>O7 anode materials.

Solution brearation Solvo- Calcina- Material Electrochemical Ref
prep thermal tion Characterization Performance '
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oo ITIP ’E'é’% Ethanol EDOT,  in100  for2hin nﬁag"gm%?’g’& Rate: 240, 205, 186, 175, 1,
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160 °C .
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TNO nano- (05 05 for5hin (500 nm), : [138]
spheres mmol) mmol) (25 ml) (0.6g) for 16h air 23.4 /g, 0.155 Rate: 285, 260, 241, 219,
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micro- mmol) mmol) (IPA) 0.1,0.3 auto- (5 °C/mi pore sizes of 5-35 ’ (1-3V)g '
spheres (40 mL) mL) clave n) nm)

36



2.3.3. Sol-gel Synthesis

Sol-gel synthesis method (Figure 2.24(a)) is a typical precursor preparation technique that
involves condensation and gelation reactions in solutions, processed under mild conditions (e.g.,
room temperature).[91,122] It generally starts with metal alkoxide chemicals dissolved into
organic or organic/inorganic mixed solutions to prepare a homogeneous solution.[148] The sol-gel
process involves hydrolysis and condensation reactions, forming a colloidal suspension that results
in a stable “sol” system.[122] This sol system can then be transformed into a three-dimensional
interconnected network structure, known as a “gel” system, through further condensation and
aggregation.[122] After the gel solidifies, solid TNO precursor can be obtained.[122]

Like other solution methods, sol-gel synthesis offers benefits including high phase purity, low
calcination temperature, and good control over particle size, morphology, and crystallinity,
outperforming solid-state synthesis.[91,122] Compared to hydrothermal/solvothermal synthesis,
sol-gel synthesis features a simpler process and better accessibility, because it generally operates
under atmospheric conditions and does not involve complicated facilities. However, it is more
time- and energy- consuming due to the evaporation process as well as intensive in use of

chemicals not to mention low yield scalable potential.[148]
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Figure 2.24 Schematic description of sol-gel synthesis method for TiNb2O7 crystals.

In the sol-gel synthesis, particle morphology, size and composition can be controlled by
adjusting solution types, metal source chemicals, added surfactants, and procedure parameters (i.e.

temperature and time).[122,148] Notably, it was through sol-gel method that Goodenough et al.
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conducted their pioneering TNO research in 2011.[91] They dissolved Ti(OC3H7)s+ and Nb2Os into
hydrofluoric acid and citric acid solutions to prepare a stable solution containing Ti*" and Nb>*,
and used ammonia to form a citric gel. After solidification at 140 °C, TNO precursor particles were
obtained. Following annealing process at 900—1350 °C, they produced micronized TiNb,O;
crystals Figure 2.25(a) and carbon-coated TiNb,O7 crystals Figure 2.25(b).
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Figure 2.25 (a) SEM image of pure TiNb2Oy crystals, (b) TEM image of Carbon-coated TiNb,O7
crystal. Reproduced with permission.[91] Copyright 2011, The America Ceramic Society. (c) Sol-
gel enabled soft/hard-template synthesis pathways for nanosized TNO particles. Reproduced with
permission.[149] Copyright 2024 Springer Nature.

In addition, sol-gel methods can be extended to soft-template and hard-template approaches
to prepare TiNb2O7 with different morphological structures and crystallinities. Recently, Rahmani
et al.,[149] applied tetrabutyl titanate (Ti(C4HoO)4, TBT), niobium pentachloride (NbCls), ethanol
(EtOH), and hydrochloric acid (HCl) as starting chemicals to prepare colloidal solution, which
after evaporation under ambient conditions for several days yielded a xerogel powder (Figure 2.25
(¢)). The xerogel after calcination at 900 °C for 5 h, produced non-porous irregular bulk TiNb2O7
particles. Upon modification of this method by adding F127 co-polymer into solution as a triblock
co-polymer non-ionic surfactant, nanostructured TiNb>O7 particles with well-defined porous
structure were obtained. Additionally, they expanded this sol-gel method to a hard-template
approach by soaking cellulose stripes into the prepared solution to create xerogel-soaked cellulose

stripes, which eventually produced porous TiNb>O7 particles with different crystal characteristics.
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2.3.4. Co-precipitation Synthesis

Co-precipitation synthesis involves precipitation reactions induced by neuralization using a
base (Figure 2.26).[150] In a typical synthesis procedure, transition metal ions (Ti, Ni, Co, or Mn)
can be co-precipitated into hydroxides, carbonates, or oxalates with precipitants (e.g., a
base).[132,151] This method is one of the most scalable, efficient, and cost-effective solution-
based synthesis methods, which can be extended for continuous reactors for industrial
applications.[132,151,152] Like other solution synthesis methods, this method also enables a low
calcination temperature and good control over size and morphology. However, it is challenging to
precisely control the reaction procedures and the final products due to its fast reaction kinetics
(e.g., hydrolysis).[105] Based on the types of solvents used, the co-precipitation method can be
further classified into organic co-precipitation and aqueous co-precipitation. Currently, only
organic co-precipitation synthesis methods are reported for TNO[105,153], but these methods
really can be grouped together with sol-gel methods. Aqueous co-precipitation has not yet been
investigated, a gap that is addressed in the present work. Like the other solution synthesis methods,
co-precipitation method for TiNb,O7 comprises the steps of solution preparation, co-precipitation

by neutralization, and calcination (Figure 2.26).
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Figure 2.26 Schematic description of co-precipitation synthesis methods for TiNb,O7 crystals.
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Examples of organic co-precipitation (sol-gel like) synthesis of TiNb>O7 nanoparticles are the
works of Paulray et al.,[153] and Yu et al,[105]. The first group used ethanol with glacial acetic
acid as solvent and NbCls and titanium (IV) isopropoxide as metal sources to prepare a
homogeneous solution. Co-precipitation was induced by adding diluted ammonia solution to adjust
the pH to 9, yielding white amorphous precursor. This precursor powder was crystallized upon
thermal treatment at 750 °C for 2 h. The obtained TiNb2O7 nanomaterial (50 to 100 nm) showed
initial specific capacity of 186 mAh/g at 0.5 C but poor rate capability, only 64 mAh/g at 5C.
Meanwhile, Yu et al,[105] demonstrated that TNO’s rate capability can be significantly enhanced
through substitutional zirconium doping (Zro.0sTio.0sNb20O7 and Zro.1TiooNb20O7). Their optimal
Z10.05T10.9sNb207 (Zro.0s-TNO) anode obtained via sol-gel/organic co-precipitation (Table 2.7)
found to provide high-rate capabilities, namely 260.0 and 177.8 mA h/g at 0.5 and 10 C,
respectively and excellent cycling durability of 170 mA h/g at 5 C after 1000 cycles.

Table 2.7 Synthesis routes and high-rate capability of TiNb,O7 anodes

Anode Materials Synthesis Methods Capacity at5 C Ref.
Solid-state synthesis 180 mAh/g at 1% cycle,
TiNb,O;  Chemicals: TiO; and Nb2Os 145 mAh/g at 100" [154]
Micron-sized Step 1. Ball milling: 3 h cycle,
particles Step 2. Calcination: 1100 °C for 8 h 137 mAh/g at 200"
cycle

Solvothermal synthesis

st
Chemicals: Ti(OC4Hs)e, Nb(OCsHs)s, DETA 215 mANh/g at 1* cycle,

Porous TiNb,O7 200 mAh/g at 100%"

microspheres Solution: isopropyl alcohol (IPA) cycle [137]
Step 1. Solvothermal: 200 °C for 12 h. 200 r'r,1Ah/g at 200
Step 2. Calcination: 700 °C for 5 h in air
cycle
Sol-gel synthesis (organic co-precipitation)
Chemicals: NbCls, titanium isopropoxide (TPT) 170 mAh/g at 1% cycle,
TiNb,O~ Organic solvent: ethanol 160 mAh/g at 100%" [105]
nanospheres  Additives: oxalic acid dihydrate, urea cycle,
Step 1. Direct hydrolysis (adding water) 150 mAh/g at 200™
Step 2. Calcination: 800 °C for 6 h in air cycle

To sum up, Table 2.7 summarizes representative results of best performance of different
TiNb2O7 anodes synthesized under optimum conditions of solid-state and solution (sol-gel/organic
co-precipitation, solvothermal) synthesis methods. Briefly, solid-state method while it is low-cost
and scalable is seen to yield low performance. By contrast, solution synthesis methods, including

sol-gel (or organic co-precipitation) and solvothermal, offer advantages of fabricating high phase
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purity and nanostructured TiNb>O7 materials delivering excellent rate performance and cycling
stability. But these organic-based solution methods apply flammable solvents and complex
equipment (autoclaves) or chemical procedures, raising scalability challenges due to high cost and
environmental concern.[95] Aqueous precipitation based synthesis promises a sustainable
alternative synthesis route for TiNb2O7 electrode materials. However, this method has not yet been
explored. Therefore, it is worthwhile to review aqueous synthesis and its fundamental principles,

as discussed in the next section.

2.4. Nanomaterials Synthesis by Aqueous Precipitation
2.4.1. Introduction about aqueous precipitation
Aqueous-based solution synthesis, especially aqueous co-precipitation has been widely used
for fabricating LIB electrode materials, including nanoscale LisTisO12 anode materials[131]
(Figure 2.27(a)), LiCoO: cathode materials[155] (Figure 2.27(b)), and monocrystalline
LiNixMnyCo,0; cathode materials[156] (Figure 2.27(c)).

(a) Li,Ti;O,, (b) LiCoO, (c) L1N1 Mn,Co,O,

Figure 2.27 (a) Li4TisO12 anode materlal Reproduced w1th permission.[131] Copyright 2013 The
Electrochemical Society. (b) LiCoO: cathode material. Reproduced with permission.[155]
Copyright 2005 Elsevier. (c) Monocrystalline LiNixMnyCo,0O> synthesized by aqueous co-
precipitation approach. Reproduced with permission.[156] Copyright 2018 American Chemical
Society.

Generally, aqueous precipitation synthesis (Figure 2.28) involves aqueous reaction to form
crystalline or amorphous intermediate compounds.[124,150,157] The whole process starts with
dissolving metal salts in an aqueous solution.[124,150] This solution is in an unsaturated state. As
the solute concentration increases, extensive ion-association occurs, which results in the formation
of electrically neutral ion-pairs (solvated with water).[157] When the solution becomes
supersaturated, the solute species aggregate and polymerize, forming clusters of ion-pairs or

molecules (10-1000 monomers per cluster).[124] These formed clusters convert through
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nucleation and growth to precipitated compounds. These precipitated compounds can be
amorphous or crystalline and typically serve as precursors to final products.[158] Precursors can
be further crystallized after thermal treatment (e.g., calcination) to obtain the desired crystal

materials.[150]

Aqueous

precipitation Calcination

Aqueous Amorphous/Crystalline Crystal
Solution intermediate compounds Materials

Figure 2.28 Aqueous co-precipitation approach for electrode materials synthesis.

Aqueous precipitation is defined as reactive crystallization process in aqueous solution i.e.,
the formation of the solid product via a chemical reaction in aqueous solution.[150,157] In case of
aqueous precipitation reaction of a compound ABg), the general chemical reaction can be
expressed as:

A" +B +X +1 +H0O—AB +(?) ABX and/or IB,ABOH (equation 2.16)
(aq) (aq) (ag)  (aq) ®)

where A®  cation, B~ anion, X*  matrix anion, other solute species I , and H2O can react in
(aq) (aq) (aq) (aq)
aqueous solution.[150] This precipitation reaction can yield the desired AB¢) precipitated
compound, as well as by-products (ABX and/or IB, ABOH) due to side reactions. These products
or by-products can be oxides, hydroxides, carbonates, chlorides, sulfates, etc.[150,157]
2.4.2. Mechanism of Nucleation and Growth of Nanoparticles in Solution
To fabricate nanoparticles, understanding the mechanisms of nucleation and growth in

solution is essential. In a solution system, a solid phase forms when the molar Gibbs free energy

is negative (4G < 0).

AG=-RTIn (l) (equation 2.17)
oo
The molar Gibbs free energy (AG (J/mol)) is dependent upon the absolute temperature (T),
the activity of the solute in the initial solution (a (mol/L)), the activity of the solute in the saturated

(equilibrium) solution (0 (mol/L)), the universal gas constant (R=8.31 J/(mol-K)).
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Based on equation 2.18, when “/ao >1, AG<0. Taking activities (o) equal to concentrations

(c) for simplification, we get:

PV
L] Ceq

where ratio a/ao is defined as saturation ratio (S) and c is the equilibrium concentration.

p— ~
= ~

(equation 2.18)

Similarly, we can define the supersaturation ratio (c):

c-c
6=S-1=——

(equation 2.19)
ce

q

The supersaturation is the driving force for crystallization (e.g., nucleation and growth) of
nanoparticles. When the supersaturation is equal to zero (o = 0), 4G is zero, and the system is at
equilibrium. When the supersaturation is positive (i.e., ¢ > ¢gq), 4G is negative meaning the
reaction is favourable and thus nucleation should occur spontaneously. Actual nucleation though
is controlled by kinetics factors.

The precipitation of nanoparticles involves the processes of nucleation, growth, and
aggregation. Nucleation is defined as the first random formation of a thermodynamic new phase
(e.g., nucleus).[123,124] There are mainly three nucleation mechanisms (Figure 2.29) depending
on the type of nucleation sites: homogeneous nucleation, heterogeneous nucleation, and surface
nucleation.[159] First, homogeneous nucleation (Figure 2.29(a)) constitutes a primary mode of
nucleation and occurs in the absence of a surface with nuclei forming uniformly throughout the
solution.[123] By contrast, heterogeneous nucleation (Figure 2.29(b)) is another type of primary
nucleation that forms on a foreign surface (i.e., impurity or other foreign phases and container
surfaces).[123,160] Thirdly, surface nucleation (Figure 2.29(c¢)) refers to the secondary production
of nuclei on the surface of same precipitate solid (e.g., crystal surface) that forms in-situ or added

externally as seed.[123,160]

(a) Homogeneous nucleation  (b) Heterogeneous nucleation (¢) Surface nucleation

Liquid
i Liquid Liquid
@ @
Foreign surface Precipitate surface

Figure 2.29 Three nucleation modes: (a) homogeneous nucleation (primary production), (b)
heterogeneous nucleation (primary production), and (¢) surface nucleation (secondary production).
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Homogeneous nucleation (Figure 2.29(a)) can be illustrated by a spherical nucleus with a
radius of 7 and surface free energy per unit area of y (J/m?).[150] The total free energy change
(4G, (J)) is a sum of the surface free energy change (4G, ) and the volume free energy change
(AG,01)-[124,150]

AG = AGgyry + AGyoy = 4mr?y + 213 Ap (equation 2.20)

Ay is change of Gibbs free energy change per unit volume of the crystal (J/m?) and is
expressed as the difference between the free energy of the monomer in the crystal and in solution,

which can be defined as:

—ksTIn(S
PRI

" (equation 2.21)

where kg is Boltzmann constant (1.38x102 J/K), T is the absolute temperature (K), S is the
saturation ratio, v is the molar volume of the monomer in the crystal (m?*/mol).

As shown in Figure 2.30, total free energy change (4G) (y axis) increases with the radius (r)
(x axis) of the nucleus peaking to maximum free energy, followed by a rapid decrease below zero.
To be specific, y is always positive and thereby AGy,, s increases with the radius. By contrast, the

AG, always keeps negative, so 4G,,,; decreases with the radius.
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Figure 2.30 Change of Gibbs free energy as a function of the radius of nucleus. Reproduced with
permission.[124] Copyright 2014 American Chemical Society

This maximum free energy, defined as critical free energy (4G.,;;), is the activation energy
barrier of homogeneous nucleation, which a nucleus will pass through to form a stable
nucleus.[159] The corresponding radius can be defined as critical nuclei size (7;).
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By setting 44 G/ dr = 0, 7cand AGery can be determined.

2y 2yv ]
e = —"" =7 < tion 2.22
¢ AG,  kgTins (equation 2.22)
16my3 16my3v?
AGery = L= 4 (equation 2.23)

34G,2  3(kgTInS)?
The nucleation rate (J (1/s)) can be defined as the number of nuclei (N) formed per unit time

and expressed as an Arrhenius equation:

]=Z—N—Aexp(—

. =

AGerit

16 3,,2 .
e ) = Aexp (L) (equation 2.24)

3kg3T3(In S)?

According to (equation 2.22), the nucleation rate is driven by saturation S, temperature 7'
(K), and surface free energy y. The rate equation of heterogeneous nucleation is in the same form
as that of homogeneous nucleation. Among these parameters, saturation S (or supersaturation o)
provides the largest effect. Mullin et al.[150] reported J is an exponential or high power function
in terms of S, (J & S6712),

Unlike homogeneous nucleation, heterogeneous nucleation and surface nucleation occur on
an existing surface. Heterogeneous nucleation needs to overcome a lower activation energy barrier,
which means lower critical free Gibbs energy (AG,;), smaller critical nuclei size (1), and lower

critical saturation ratio (S;;), as shown in Figure 2.31.[159,161]
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Figure 2.31 Critical free Gibbs energy (AG,;;) and critical nuclei size (7.) of homogeneous
nucleation, heterogeneous nucleation and surface nucleation.

For a spherical particle of radius 7, the crystal growth rate (G) can be defined by a first-order
or second-order equation.

G=k, C,,(S-1) (equation 2.25)
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where kg is the growth constant (m4/(mol-s)), Ceq 1s the solubility of the precipitating solute
species (mol/m?), S is the saturation ratio.[150]
2.4.3. Aqueous Precipitation Regimes
In a homogenous nucleation-dominated precipitation system, homogeneous nucleation
crit.

occurs, when the supersaturation ¢ exceeds the critical supersaturation oy, . This is followed

by the particle growth process.[124]

Homogeneous . Aggregatlon e Surface nucleation Cementing

nucleation '. ° .a'. and growth g 0

ﬁ '.. — Q e ﬁ “ . d
Nuclei Aggregates

Figure 2.32 Whole process of nucleation and growth in a homogenous nucleation-dominated
precipitation system. Figure adapted from Ref.[124].

Growth mode of nanoparticles in solution typically follows sequence of process including
aggregation, surface nucleation and growth, and cementing, etc. (Figure 2.32).[159] During
aggregation nuclei of 10-100 nm in size form secondary particles if colloid stability is suppressed.

crit.

Surface nucleation and growth process start, after o drops below 0y, . During cementing,

aggregates can be cemented by continuously depositing new material on the surface of particles.

Concentration

1. Ton solute : 2.Homogeneous : 3.Growth stage
builtup nucleation .

Figure 2.33 LaMer diagram schematic. Figure adapted from Ref.[124,162,163].

The whole process of nucleation and growth in solution discussed above can be quantitatively

described with the aid of the LaMer diagram (Figure 2.33). This diagram designed by LaMer and
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Dinegar[163] in 1950 demonstrates the correlations between solution concentration and process
of homogeneous nucleation & growth. In the homogeneous nucleation-dominated precipitation

system, atoms exist in the state of ionic solutes in the solution when concentration is below critical

supersaturation Cfot, After that, homogeneous nucleation occurs when concentration increases

to the range between CS1it, and critical limiting supersaturation (C"%* ). As homogeneous

nucleation occurs, supersaturation is relieved dropping within the growth stage, between CShi
and Ceq, where homogeneously nucleated particles grow by aggregation, surface reaction, and

cementing.
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Figure 2.34 Aqueous precipitation by supersaturation control. Figure adapted from Ref.[150,163].

In the same paper in 1950, LaMer et al. presented another diagram,[150,163] which has been
extended to guide supersaturation-controlled aqueous precipitation (Figure 2.34).[124,162,163]
This diagram describes a pH-dependent aqueous precipitation reaction.[150,163] As shown in
Figure 2.34, there are two curves, namely the saturation curve and the critical concentration
curve.[150,163] The former corresponds to solubility at different pH values, and the latter
represents the critical concentration for homogeneous nucleation changes with different pH values.
Accordingly, diagram defines three zones, including the unsaturated zone, the metastable
supersaturation zone, and the critical supersaturation zone (Labile zone). In the case of aqueous
precipitation, when the pH is controlled within the unsaturated zone, a dilute solution can be
prepared. As pH increases to the metastable supersaturation zone, heterogeneous nucleation,

surface nucleation, and particle growth can occur. This zone can be used to produce well-grown
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crystals by adding seed particles. The Labile zone, in which homogeneous nucleation occurs
spontaneously, can be used to obtain ultra-fine colloidal precipitates.
2.4.4. Hydrolytic Precipitation and Synthesis of Metal Oxide Materials
Hydrolysis is a typical type of aqueous precipitation and hydrolytic co-precipitation is
recognized as one of most useful methods for compound precipitation.[150,164] Hydrolysis is a
chemical reaction of substance with water, leading to the decomposition of both the substance (e.g.,

salts) and water.[150,164,165] In the hydrolysis reaction, the metallic cation (M*") reacts with

water (H,0) to produce metal hydroxide complexes (M _(OH), HZO((IYIXX;; ") and hydrogen cations

(H*),[158,165] as expressed as below:

xM*'+nH,0 — M _(OH), Hy 00 +yH (equation 2.26)

In most cases, hydrolysis reactions involve two pathways, namely olation and
oxolation.[158,161,165,166] Olation leads to hydroxyl bridges through deprotonation of water. In
one typical olation reaction, reactants are metal hydroxide complexes (M-OH) and hydrated metal
ions (M-H,0), while the products are metal hydroxide (M-OH-M-OH ™) and protons (H¥),[158]
as illustrated in equation 2.27 below:

M-OH + M-H,0 — M-OH-M-OH + H" (equation 2.27)

By contrast, oxolation (equation 2.28) leads to oxo bridges through dehydration.[158,165]
Reactants are metal hydroxide complexes (i.e., M-OH) in the form of monomers, dimers, and
polymers. The products are metal oxides (i.e., M-O-M) or metal oxy-hydroxides. This chemical
reaction can be simplified as below:

M-OH + M-OH — M-O-M + H,0 (equation 2.28)

The hydrolytic formation of particles (Figure 2.35) involves complexation, reversible
clustering, irreversible clustering, precipitation, and transformation steps.[158,165] The first step
is the association of hydrated metallic ions to form metallic complexes monomers and dimers.
These metallic complexes reversibly grow to small polymers during reversible clustering. The
obtained small polymers or embryos are not stable and can be dissolved back in the solution. At
certain stage irreversible clustering takes place, with the polymer embryos slowly reacting with
each other to form large polymers, which convert to amorphous or poorly crystalline particles. In
the final stage of phase transformation, the amorphous precipitates are converted to crystalline

compounds by aging and recrystallization.
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Figure 2.35 Hydrolysis: From complexes in solution to particles. Reproduced with
permission.[165] Copyright 2000 CRC Press.

Crystalline

Hydrolytic precipitation of different oxides and oxyhydroxide has been investigated including
the hydrolysis of titanium chloride (TiCls),[131,140,167-170] to produce titanium dioxide (TiO>).
[131,140,167-170] The overall hydrolytic precipitation of TiO is represented by equation
2.29.[167] Olation pathway (equation 2.30) leads sequentially to hydroxy-chloro-titanium
complexes ( Ti(OH)xClsx ), titanium hydroxide ( Ti(OH)s), and amorphous TiOz(am).[168]
Oxolation pathway (equation 2.31) forms oxy-chloro-titanium complexes (Ti(O)Clz), finally
yielding Ti0.[168]

TiCls(aq)+2H20 — TiOx(s)+4HCl(aq) (equation 2.29)
TiCla(H20)n—Ti(OH)xClsx — Ti(OH)4—TiOx(s) (equation 2.30)
TiCls (H20), — Ti(O)Clz — TiOx(s) (equation 2.31)

These exothermal and simultaneous reaction pathways are rather challenging to control when used
for synthesizing TiO> nanophases.[165,168]

To address this problem, our group has studied in detail the relevant chemistry leading to
identification of different synthesis routes by adjusting supersaturation. As demonstrated in Figure
2.36, TiO> nanomaterials with different properties have been synthesized which have been
evaluated for energy & environmental applications including solar cells, Li-ion batteries, and

photocatalytic water decontamination.[61,131,140,167-171]
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Figure 2.36 Application of hydrolytic precipitation to nano-TiO: synthesis at HydroMET: (a) TiO2
nanoparticles, Reproduced with permission. Copyright 2008 Elsevier. (b) Rutile nanofibers.
Reproduced with permission.[168] Copyright 2009 Elsevier. (c) Anatase nanocolloids.
Reproduced with permission.[169] Copyright 2011 The Electrochemical Society. (d) Anatase
nanocrystals. Reproduced with permission. Copyright 2016 Elsevier.

For example, in 2009, Li and Demopoulos[167] developed a low-temperature partial
hydrolysis process induced by neutralization with MgO to prepare TiO> nanopoweders (Figure
2.36(a)). Subsequently, Charbonneau et al.[168,169] explored pH- and Temperature- controlled
hydrolytic precipitation of different TiO, varieties from nanofiber-structured rutile particles
(Figure 2.36(b)) to anatase nanocolloids (Figure 2.36(c)). These studies involved batch hydrolysis
which poses challenges to scale up. It was Yasin et al. who first demonstrated the synthesis of
nanoTiO> phases in a continuous process using continuous stirred tank reactor (CSTR)
reactors.[140,170] Using this method anatase nanocrystallites and brookite nanoplatelets were
synthesized which found to have interesting Li-ion storage properties. For example, the nano-
anatase (Figure 2.36(d)). was found to store Li-ions via a dual mechanism, intercalation and
pseudocapacitance, the relative contribution depending on crystallinity and surface area.[61]
Meanwhile the brookite nanoplatelets were found to have the most stable cycling performance
among the different TiO2 nanophases nanophases.[171]

Recently, Chalastara, et al.,[172] modified this CSTR-based aqueous precipitation approach
(Figure 2.37(a)) enabling the synthesis of mixed-phase (heterojunctioned) TiO> nanomaterials by
tunable composition control: namely anatase-dominated anatase/brookite mixed-phase TiO> (A/b)
(Figure 2.37(b)), brookite-dominated brookite/rutile mixed-phase TiO> (B/r) (Figure 2.37(c)),
and rutile-dominated rutile/brookite mixed-phase TiO2 (R/b) (Figure 2.37(d)). These background
developments demonstrate that hydrolytic precipitation synthesis can be tunable and scalable when
operated continuously in CSTRs, thus offering a sustainable and industrial route for production of

nanomaterials.
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Figure 2.37 (a) Synthesis of nanocrystalline TiO2 in a continuous stirred-tank reactor (CSTR).
Mixed-phase TiO> nanoparticles: (b) Anatase-dominated anatase/brookite mixed-phase TiO:
(A/b), (c) Brookite-dominated brookite/rutile mixed-phase TiO2 (B/r), (d) Rutile-dominated
rutile/brookite mixed-phase TiO> (R/b), (e) commercial TiO> (P25). Reproduced with
permission.[172] Copyright 2020 MDPI.

Beyond TiO: synthesis, Chiu et al. [131,145,146,173] utilized hydrolytic precipitation
reactions of TiCls induced by neutralization with lithium hydroxide (LiOH) to obtain layered
lithium titanate hydrate precursors ((Li>—xHx)Ti20s:yH20),[174] which upon controlled
calcination/annealing yielded LisTisO12 nanosheet materials as high-performance LIBs
anodes.[146] The obtained LisTisO12 nanosheet anode (Figure 2.38(a)) offers an excellent
reversible capacity of 163.7 mAh/g at 1 C, close to the theoretical capacity (175 mAh/g), and
outstanding cycling stability with 92% retention after 300 cycles (Figure 2.38(b)).[173]
Additionally, this anode provides (Figure 2.38(c)) high Li" ion diffusion coefficients up to 1.71 x
10! cm?/s paving the way for development of fast-charging anodes.

This success with Ti-based materials forms the basis for the application of hydrolytic

precipitation synthesis method to TiNb2O7 materials as described in Chapter 4 of this thesis.
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Figure 2.38 (a) The morphology and (b) Galvanostatic 1C discharge/charge cycling performance
of Li4TisO12 nanosheet anode; (c) Comparison of rate capability to other recently published LTO
materials using a Ragone plot. Reproduced with permission.[173] Copyright 2016 WILEY.
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2.5. Electrode Engineering via Electrophoretic Deposition

The electrode fabrication method influences the microstructural and interfacial characteristics
of fast-charging LIBs including internal resistance and stability, thereby affecting cyclability and
power capability.[38,39] Electrodes are typically fabricated with the tape casting process that
involves mixing the active component with the conductive component (e.g., carbon black) plus a
polymeric binder (e.g., Polyvinylidene Fluoride (PVDF)) dissolved in a solvent (e.g., N-Methyl-
2-Pyrrolidone (NMP)).[175,176] However, non-homogeneous dispersion of active materials and
conductive components in slurry accelerates the degradation of the battery electrode.[114] This
effect is more serious for nanomaterials because the high surface area results in strong interactions
among them and severe aggregation of the slurry.[177,178] Therefore, it is crucial for creating
high-performance fast-charging TNO electrodes to equally address the engineering of the electrode
as done for the TiNb,O7 crystals themselves. In this thesis, we applied the electrophoretic
deposition technique to realize the nanoscale assembly of the TNO composite materials by
employing graphene oxide (GO) as both binder and conductive component.

2.5.1. Mechanisms of Electrophoretic Deposition

Electrophoretic deposition (EPD) technique stems from the electrophoretic phenomenon of
charged particles in a stable colloidal suspension, where the electric field drives positively (or
negatively) charged particles to migrate to the oppositely charged electrode and deposit on the
substrate.[179-181] Thus, the EPD setup consists of four components including the working
electrode (conductive substrate), the counter electrode, colloidal suspension, and power
supply.[182]

The typical EPD process has two steps: (1) preparation of a stable suspension by dispersing
powder particles in the solvent (Figure 2.39(a, b)); (2) deposition of charged particles on a
conductive substrate driven by DC power (Figure 2.39(c, d)).[183] As indicated in Table 2.8, the
main suspension parameters that influence stability include (1) particle size, (2) particle
concentration, (3) type of solvents, (4) suspension conductivity, (5) suspension dielectric constant,
(6) suspension viscosity, (7) zeta potential, and (8) stabilizing/charging additives including
inorganics and polymers.[181,183-186] There may be parameter interactions influencing the
properties of obtained film products. For example, the particle migration velocity may be
controlled by particle size, particle concentration, the viscosity of the solvent, and electric field

(e.g., voltage and current), etc.[181,187] The stability of colloidal suspension (characterized by
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zeta potential) is associated with the property of surfactants and solvent, pH or other charging ions,

and temperature.[182]
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Figure 2.39 EPD processes: (a) dispersion, (b) particle charging, (c) electrophoresis and (d)
deposition. Reproduced with permission.[183] Copyright 2016 Springer.

In the deposition process, the deposition time, conductivity of the substrate, and electric field
selection should be considered. First, the increase in deposition time tends to result in the rise in
mass and thickness of the deposition film, however, this growing coating increases resistance and
results in a drop in deposition rate.[188] Second, the applied electric field strength affects the
deposition rate, structure, and quality of the product.[189] High voltages enable high-rate
deposition but suffer from low quality and uniformity of EPD film, while low-voltage electric
fields enable slow growth of dense and even deposits. Thus, moderately applied fields (e.g., 25-
100 V/cm) have been regarded as a suitable power supply for EPD. Recently another means of
manipulating the deposition process is to carry it out in several short duration steps as done by our
HydroMET group[177,190] providing better particle packing or apply a pulse or alternating

current source[184,185].
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Table 2.8 Overview of key suspension parameters influencing the EPD film properties
[181,183,186]

Parameters

Related effect on EPD process and product

Suspension Preparation Process

(1) Particle size

(2) Particle concentration in
suspension

(3) Type of solvents (e.g.,
organic polar, nonpolar, or
aqueous)

(4) The dielectric constant of
the liquid

(5) Conductivity of suspension
(6) Viscosity of suspension

(7) Stability of suspension

(8) Zeta potential

(i) the evenness and stability of particle suspension.
(ii) the uniformity of the deposition film layer.

(i) the deposition gradient.

(ii) the uniformity of the deposition film layer.

(1) the stable voltage range applied.

(ii) the uniformity of the deposition film layer.

(i) forming possibilities of EPD reaction.

(ii) the conductivity of liquid (especially in a pure
state).

(iii) the electrophoretic mobility.

(i) the particle motion.

(i) forming possibilities of deposition.

the dispersion state

(i) flocculation of particles.

(ii) forming possibilities of deposition.

(i) stabilization of the suspension by determining the
intensity of repulsive interaction between particles.
(i) determining the direction and migration velocity
of the particle.

(ii1) determining the density of the deposit.

Deposition Process

(9) Deposition time

(10) Conductivity of substrate
(12) Applied electric field
(i.e., constant, alternating,
pulse voltage/current)

(i) deposition thickness; (ii) deposition rate.
(i) deposition rate; (ii) deposition film quality.
(i) forming possibilities of deposition.

(ii) deposition rate.

(iii) deposition film quality.

The theoretical basis of the electrophoretic deposition process can be understood by referring

to the electrical double layer (EDL) model and DLVO theory.[191] Figure 2.40 provides a
schematic diagram of the EDL as described by Stern following integration of the earlier models of
Helmholtz and Gouy-Chapman.[182,192,193]. The electric double layer includes three parts: (a)
Surface charge; (b) Stern layer: the layer between the particle surface and the Stern plane, where
courter-ions are closely attached to the particle surface; (c) Diffuse layer: the layer of the dispersion
medium (solvent) adjacent to the particle (outside of the Stern plane).[182,193]

The interaction among potential determining ions (on the surface of the particle), hydrated
counter ions (in the Stern layer), hydrated counter-ion and negative co-ion (in the diffuse layer)

determine the relationship between the distance (x) and electric potential (1), as shown in Figure
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2.40.[193] The electric potential within the electric double layer has a maximum value on the
particle surface (named as the surface potential (14)).[194] Then, the potential drops with the

increase in distance from the surface.[193]

= Potential determining ions @ Hydrated counter ion @ Negative co-ion

S ePd O
& p—— ®
® e 4 O\
G2l PS /,’q.‘g/;/@ q‘}\\ NG Slipping plane
+ /e‘b R\ &\ o
S [/ @) _ @\‘7;\,/» Stern plane
i = Negatively \ (©)
{"Pi = (;::;u = 19! Diffuse layer
o/ * .
e® \\'\/ % _ P 4 5/’/, +
/eﬁ@ e &
/ O )
/ ©® © Electric Double Layer

Stern layer i
Electrical: :
po(en(hl"l

Surface potential

Stern potential -
Zeta potential = ‘: D::::::r:::m
Figure 2.40 Schematic diagram of the electrical double layer model and potential drop with

distance. (a) Surface charge, (b) Stern layer, and (c) Diffuse layer of counter-ions. Reproduced
with permission.[193] Copyright 2011 Elsevier.

The electric potential (1) at a different distance from the surface (x) can be described by the
Debye-Huckel equation[195]:

W, = Poexp(—kx) (equation 2.32)
where k is the reciprocal of the EDL thickness otherwise called the Debye—Huckle parameter[196]
with the unit of (1/length) or (1/m).

The Double layer thickness or Debye length (1/x) is the distance at which the potential 1,

drops to é of'its value at the Stern plane. The double layer thickness controls the range of the double

layer interaction. This thickness can be represented by the equation below:

1

1 kT \2
== <L>2 (equation 2.33)

e?y;in;z?
where e is the electronic charge (1.602x107" C), n; (mol/L) is the concentration of ions with

charge z;, ¢ is the dielectric constant of the liquid, and & is the permittivity of a vacuum (C/V-m).
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When a colloidal particle moves in the suspension, a layer of the surrounding liquid remains
attached to the particle.[197] As shown in Figure 2.40, the boundary of this layer is called the
slipping plane. The electric potential at the slipping plane is defined as Zeta potential ({).[193,197]
Zeta potential gives an indication of the stability of the colloidal suspension. The higher the
absolute value of the zeta potential represents the higher stability of the suspension.[194] This is
because the Zeta potential is closely related to the electrostatic repulsive force. To be specific, the
particles in suspension with a higher absolute value of Zeta potential tend to repel each other and
prevent flocculation.[193,197]

Zeta potential is significantly influenced by pH in aqueous media.[198] Zeta potential can be
controlled by manipulating a variety of charging agents such as acids, bases and specifically
adsorbed ions or polyelectrolytes.[199] Taking negatively charged particle as an example, the
addition of alkali results in the increase of negative charge, thereby increasing the absolute value
of Zeta potential.[200] In contrast, the addition of acids tends to cause a decrease in the absolute
value of Zeta potential. Thus, there is a pH of the suspension at which the net charge or zeta
potential is zero, defined as isoelectric point (IEP).[201] A suspension at the IEP is not stable
forming aggregates because of the absence of repulsive forces.

The state of stability of a suspension can be explained with the aid of the DLVO theory
developed by Derjaguin, Landau and Verwey and Overbeek.[202-204] According to the DLVO
theory, the total interparticle potential (V1) can be determined by the addition of the electrostatic
repulsion (VR) and the van der Waals attraction potential contributions (V,).[182]

Vi=Vgr +V, (equation 2.34)
Vg = %( In{1 + exp(—«xD)} (equation 2.35)
where ¢ is the dielectric constant of the liquid, a is the radius of the particle, { is zeta potential of

a particle, k is the reciprocal of the double layer thickness, and D is the distance of separation

between two interacting particles.[182,186]
Va=—22Lf(P) (equation 2.36)
where Aq31 is the Hamaker constant for particles of kind “1”, which are separated in a liquid

medium “3”. The term f(P) is the retardation factor determined by

1

f(P) = 75 for P<0.5 (equation 2.37)
f(P) = 25%5 — 125;72 + 0}% for P>0.5 (equation 2.38)
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Figure 2.41 provides a graphical representation of the above interparticle potential
distribution for the case of two particles, where the net attraction or repulsion depends on the
relative strength of the different types of forces (electrostatic that is repulsive Vr or Van der Waals
that is attractive, V) that varies with the distance of separation.[182,205,206] At the primary
minimum-very short distance, VA>>VR favors strong attraction leading to particle aggregation; at
a large distance of separation a shallow minimum indicates weak reversible particle attraction; it
is at Vmax, where VrR>>V, that repulsion forces dominate, and colloidal suspension stability is
achieved.[182] Proper regulation of zeta potential or diffuse layer thickness by adjusting the ionic
strength or using polymeric additives can promote suspension stability for optimum EPD

performance.[205,206]
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Figure 2.41 The potential energy of inter-particle interaction as a function of the separation
distance between particles according to the DLVO theory. Reproduced with
permission.[182,205,206] Copyright 2012 Springer.

2.5.2. Application of EPD in Fabricating LIB Electrodes

EPD due to its inherent advantages in building thin films with good characteristics has drawn
attention from many researchers over the years in both industry and academic fields.[183,207,208]
It has been demonstrated as a key deposition technique for ceramic films, metal coatings, interface
modification etc.[183,208]

Among its advantages are deposition uniformity, morphology controllability, and scalability
due to it being a simple and, depending on the type of suspension used, economically competitive
process.[181,182] Firstly, the good deposition uniformity of EPD films is of importance to modify
the interface within composite materials (improving point to area contact).[181,209,210] Secondly,

EPD can be used to deposit an ultrathin film on 2D/3D-structure materials according to the
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requirement of material function or morphology.[181,210] Thirdly, multifunctional components
can be assembled via EPD by depositing conductive particles or specific-property particles in
various solvents.[210] For instance, graphene, carbon nanotube, carbon nanofiber, and quantum-
dots can be deposited on the surface of bulk materials.[175,176] Furthermore, the EPD technique
is very versatile and can be applied to the deposition of different types of materials such as
Si[211,212], metal oxides (e.g., TiO2[209] and Fe304[213]), metal sulphides (e.g., PbS[214]), and
metal selenides (e.g., CdSe[215]) for a wide variety of applications from solar cells to catalysts or
LIBs.

Recent developments in the EPD technique have demonstrated that high-performing
electrodes for LIBs can be designed and to provide superior structural and interfacial
properties.[177,181] EPD provides versatility in co-depositing active and conductive components
with or without polymeric binders that are characterized by homogeneous composition,

mesoporous structure, superior percolation network and good adhesion to the substrate.[176,181]
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Figure 2.42 Comparison of LTO/rGO PVDF electrode and LTO/rGO EPD electrode: (a)
morphology, (b) charge-discharge profile, (c) rate performance. Reproduced with permission.[176]
Copyright 2020 Elsevier. Comparison of TNO/rGO EPD electrode, TNO/rGO (10 wt.%) PVDF
electrode, TNO/rGO (18 wt.%) PVDF electrode: (d) Morphology and (e) cycling stability at 0.5 C
(between 3 V and 0.6 V). Reproduced with permission.[114] Copyright 2020 Elsevier.

Research by our HydroMET group[216] introduced the EPD method to produce lithium-ion
battery anodes by co-depositing nanosized TiO; and carbon black (Benehkohal, et al[190]), LTO
nanoparticles and carbon black assisted via styrene-butadiene rubber (SBR) as an aqueous-soluble

binder (Uceda, et al.[177]), and binder-free Li4TisO12/reduced graphene oxide (LTO/rGO) 2D
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nanosized materials composite (Uceda, et al.[176]). The latter (Figure 2.42(a,b,c)) was
accomplished through the co-deposition of a precursor, lithium titanate hydrate[ 145] and graphene
oxide, followed by heat treatment in a hydrogen atmosphere, to induce the transformation of
precursors to LTO and rGO. In all cases, the EPD-constructed electrodes provided comparable or
even superior cycling performance and stability (particularly at high C-rates) compared to the
conventionally prepared electrodes. This improved performance was attributed to the high
electronic/ionic conductivity of the 3D matrix structure enabled by the synergistic action of rGO
and EPD.

To extend this strategy to TiNb2O; anode, Uceda, et al.[114] applied EPD electrode
engineering to nanoscale assemblies of the TiNb2O7/reduced graphene oxide (TNO/rGO) electrode.
As shown in Figure 2.42(d, e) this research proves that EPD can advantageously be employed to
construct stable films with good performance characteristics and thus promote innovation on
designing and developing TNO anodes (TNO/rGO).
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3. Single-crystal TiNb:O7; Materials via Sustainable Synthesis for Fast-
charging Lithium-ion Battery Anodes

This chapter addresses the 1% objective of thesis, i.e., to synthesize single-crystal TiNb,O7
materials via sustainable synthesis for fast-charging lithium-ion battery anodes. This chapter has

been published in Journal of Energy Storage, with the following citation:

Yu F, Wang S, Yekani R, La Monaca A, Demopoulos GP. “Single-crystal TiNb,O7 materials via
sustainable synthesis for fast-charging lithium-ion battery anodes”. J Energy Storage.

2024,;95:112482.
Abstract

TiNb2O7 (TNO) has emerged as a promising fast-charging anode for lithium-ion batteries (LIBs).
However, research on TNO anode materials has been mostly restricted to synthesis of
polycrystalline materials with limited associated mechanistic studies. Herein, we report a novel
scalable aqueous synthesis method yielding sub-micron size single-crystal TNO particles
following calcination that enables fast-charging anode fabrication. The sustainable co-
precipitation process yields amorphous intermediate hydroxides which upon thermal conversion
induced crystallization form single crystals. The obtained TNO monocrystalline anode material
under 900 °C calcination (TNO-900C) delivers a high gravimetric capacity (279 mAh/g at 1

cycle) and a high volumetric capacity (351.7 mAh/cm’

at the initial cycle) at 0.5 C rate.
Additionally, the TNO anode delivers a remarkable capacity of 223 mAh/g at 5 C and a high
retention of 81.4 % after 200 cycles. In addition, TNO-900C illustrates outstanding fast-charging
performance with a reversible capacity of 200 mAh/g at 10 C. The intercalation mechanism and
diffusion behavior of the monocrystalline TNO anodes are elucidated by electrochemical kinetic
analysis (GITT, CV, and EIS). The remarkable fast charging Li-ion storage performance can be
attributed to a high Li" diffusion coefficient (1.37x10""* ¢cm?/s), low polarization, and high

structural stability.

3.1. Introduction
The widespread demand for electric vehicles (EVs) is putting a lot of pressure on current
lithium-ion batteries (LIBs)[1-3]. Conventional LIBs cannot meet the increasing performance

requirements of EVs because of limited energy density and low-rate capability[3,4]. From the
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perspective of anode materials for EV LIBs, dominant commercial graphite-based materials are
prone to lithium dendrite formation and low Li-storage capacity under fast charging
conditions[1,5]. By contrast, another commercial anode, lithium titanate (LisTisO12, LTO),
demonstrates ultrafast Li-ion transport and is capable of a high-rate application without Li plating
issue[6]. Despite the rate advantage of LTO, it suffers from a relatively low theoretical capacity
(175 mAh/g)[ 7], which is less than half that of graphite (372 mAh/g)[8]. Consequently, there exists
a pressing need for new fast-charging anode materials with high capacity and simultaneously
providing high safety, for next-generation LIBs.

One such candidate is titanium niobate (TiNb2O7/TNO), which has emerged as one of the
promising anode alternatives since the pioneering research performed by Goodenough[9],
providing a high theoretical gravimetric capacity of 387.6 mAh/g. Also of paramount importance
is the high-safety operating potential of TNO (ca., 1.65 V vs. Li/Li") preventing the formation of
Li dendrites and subsequent decomposition of the electrolyte at <1V (vs. Li/Li"), a common
problem with graphite anodes[4,5]. Theoretically, the Li intercalation reaction of TNO involves
three redox couples (Ti*"/Ti**, Nb>*/Nb*, Nb*/Nb**) and five lithium ions to form
LisTiNb2O7[10,11]. Additionally, TNO offers a high theoretical volumetric capacity (1682
mAh/cm®)[4,12], which is twice that of graphite (841 mAh/cm?)[13,14] and rather close to that of
Li metal (2062 mAh/cm?)[3,8]. Considering such advantages coupled with high rate, and long
cycle life characteristics, TNO possesses commercialization potential for the fast-charging
market[4,15]. However, the remarkable potential of TNO is severely hindered by several obstacles
including non-scalable synthesis approaches[9], unsatisfactory gravimetric capacity under fast
charging[16], low practical volumetric capacity[15], unclear materials formation mechanism[17],
and correlation between materials structure and electrochemical performance[4,17].

Crystal engineering of TNO materials via a sustainable fabrication route emerges as an
effective strategy for practical application. Single-crystal features can shorten Li ion diffusion
pathways, thereby unlocking extremely fast charging capabilities of TNO anode[4,18]. This is so
because in single TiNb2O7 crystals, Li-ion diffusion that is predominately occurring along one-
dimension channels in TNOJ[19,20], takes shorter pathways than in polycrystalline structure, where
different crystal orientations and grain boundaries, create longer complex ionic diffusion
pathways[21]. Nevertheless, current synthesis techniques for single-crystal TNO materials,

including solid-state[21,22], and solvothermal methods[23], face obstacles of insufficient purity,
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complicated procedures, or scalability challenges. The hydrolytic co-precipitation approach, as
evidenced by its success in fabricating nanoscale LTO anode materials[24] and commercializing
monocrystalline nickel manganese cobalt (NMC) cathode materials[25], promises a sustainable
synthetic route for single-crystalline TNO electrode materials. Organic-solvent-based methods are
hampered by environmental and cost issues, not conducive to large-scale production[26-28]. In
addition, the TNO materials fabricated via these organic-solvent routes provide an unsatisfactory
electrochemical performance[27,28]. To address these issues, an aqueous synthetic route featuring
low cost (use of bulk metal chloride salts) is proposed to offer a sustainable TNO crystallization
process overcoming scalability problems associated with current methods of synthesis, meanwhile
achieving the formation of single crystal particles that enable fast-charging performance of TNO
anodes.

In this work, we design one sustainable aqueous hydrolytic co-precipitation approach to
develop submicron-sized single-crystal TNO anode materials for fast-charging LIB. The new
scalable green synthesis method proposed makes use of precisely controlled hydrolysis and
atomic-homogeneity co-precipitation to produce Ti-Nb hydroxides nanoscale precursor (within 10
nm), which are subsequently crystallized to TiNb,O7 submicron particles upon calcination. The
monocrystalline TNO possesses several merits as a fast-charging sustainably produced anode: (1)
an outstanding Li-storage capacity under 5 C high rate and 10 C extremely fast charging

conditions, (2) a high practical capacity of 279 mAh/g and 351.7 mAh/cm?

at 0.5 C meeting
requirement of industry[4,15], and (3) a high Li diffusion coefficient of 1.37x10"* cm?%s.
Moreover, a new understanding of the intercalation mechanism during the initial lithiation step of
pristine TNO is advanced via systematic GITT, CV, and EIS measurements. In addition, via a
detailed analysis of nanostructure, crystallinity (XRD refinement), and porosity the formation
mechanism of TNO single crystals was elucidated and the relationship between electrochemical
performance and material properties was revealed.
3.2. Experimental Section
3.2.1. Materials Synthesis

The synthesis route of TNO includes (1) intermediate precursor synthesis via pH-regulated

hydrolytic co-precipitation and (2) high-temperature calcination, as shown in Scheme A.1 and

Scheme A.2: First, homogeneous aqueous stock solutions are prepared at a temperature below 10

°C to avoid premature hydrolysis of the titanium tetrachloride (TiCls) and niobium pentachloride
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(NbCls) precursor solutions. The TiCls aqueous solution is prepared by drop-wise (1 mL/min)
addition of 0.15 mol (16.45 mL) of TiCls (99.0%, Sigma-Aldrich, USA) into 500 mL of cold DI
water kept cold in an ice bath while vigorously subjected to magnetic stirring. Similarly,
stoichiometric NbCls aqueous solution (0.3 mol (81.06 g) of NbCls (99%, Thermo Fisher
Scientific, USA) into another 500 mL of cold DI water) is prepared. The concentrations of these
two solutions (verified by ICP-OES) are adjusted to 0.3 mol/L Ti(IV) and 0.6 mol/L Nb(V). It is
worth mentioning that both solutions are stable without precipitate forming prematurely by storing
them in the fridge (ca. 10 °C). The so-prepared stock TiCls and NbCls aqueous solutions are mixed
with a 1:1 volume ratio in a volumetric flask to prepare a homogeneous Ti-Nb-Cl aqueous solution
with 0.15 mol/L Ti(IV) and 0.3 mol/L of Nb(V) composition. Subsequently, the Ti-Nb-Cl solution
kept cold in an ice bath is neutralized from pH<1 to pH=9 by slowly adding ammonium hydroxide
(99.9% NH4OH, 29% NH3 basis, Sigma-Aldrich, USA) with a rate of 0.1 mL/min under agitation
(400 rpm), thereby enabling hydrolytic co-precipitation of Ti(IV) and Nb(V). The obtained
amorphous white solid co-precipitate (TNO-hydroxide precursor) is then centrifuged, washed five
times with 1 L of warm water (60-80 °C), and dried in an oven at 80 °C overnight. Finally, the
dried TNO-precursor is heat-treated/calcined at different temperatures (500 °C for 4h (TNO-
500C), 700 °C for 4h (TNO-700C), 900 °C for 4h (TNO-900C), 1100 °C for 4h (TNO-1100C),
respectively) in continuous flow oxygen gas (10 vol% Oz and 90 vol% N») with a heating ramping
rate of 5 °C/min in a tube furnace (OTF-1200X-S50-2F Mini CVD tube furnace, MTI Corporation,
USA).
3.2.2. Materials Characterization

The crystal structures of materials were characterized by X-ray diffraction (XRD) using a
Bruker D8 Discovery X-ray diffractometer (VANTEC Detector Cu-Source). LeBail Refinement
was performed with TOPAS (Bruker) V5 software. TGA (thermogravimetric analysis) and DSC
(differential scanning calorimetry) were conducted by using TGA/DSC 1 (Mettler Toledo)
instrument. Crystal morphology structures and elemental distribution were recorded by scanning
electron microscopy (SEM) using a Hitachi SU-8000 Cold Field-Emission Microscopy equipped
with energy-dispersive X-ray spectroscopy (EDS) detector (XMax 80 mm? Oxford Instruments).
Transmission electron microscopy (TEM), high-resolution transmission electron microscopy
(HRTEM), scanning transmission electron microscopy (STEM), and selected area electron

diffraction (SAED) were carried out on Thermo Scientific Talos F200X G2 TEM/STEM
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instrument operated at 200 kV. The STEM high-angle annular dark-field (HAADF) images were
acquired at a beam convergence angle of 10.5 mrad and the detector collection angle of 58-200
mrad. The energy-dispersive X-ray spectroscopy (EDS) mapping was applied to reveal the
elemental composition of Ti (Ka 4.5 keV), Nb (La 2.17 keV), and O (Ka 0.52 keV). The survey
spectrum and high-resolution spectra at the edges of Ti 2p, Nb 3d, and O 1s were identified by X-
ray photoelectron spectroscopy (XPS) using a Thermo Scientific K-alpha X-ray photoelectron
spectrometer within an Al Ka micro-focused monochromator. XPS data were analyzed with
Thermo Advantage software and normalized/calibrated referenced to adventitious Cls peak at
284.80 eV. The N, adsorption/desorption analysis was performed with a Micromeritics TriStar
3000 apparatus to identify the Brunauer-Emmett-Teller (BET) specific surface area and Barrett-
Joyner-Halenda (BJH) pore distribution. Inductively coupled plasma optical emission
spectrometry (ICP-OES) was applied to determine the Ti concentration and Nb concentration in
TiCls aqueous solution, Ti-Nb-Cl aqueous solution, TNO-Precursor, and TNO crystal particles. All
solid samples were dissolved in an acid solution (1 wt.% HF and 1 wt.% HCI) before being
analyzed on a Thermo Scientific iCAP 6000 Series ICP spectrometer. The particle size distribution
of TNO samples was determined by a dynamic light scattering (DLS) particle analyzer (Zetasizer
Nano ZS, Malvern Instruments Ltd) after ultrasonic blending of a suspension (3 g/L sample-in-
ethanol) for one hour.
3.2.3. Electrochemical characterization

Coin cells were assembled for electrochemical testing. TNO active material (80 wt.%),
acetylene black (10 wt.%), and poly(vinylidene difluoride) (PVDF) binder (10 wt.%) were
manually milled with N-Methyl-2-pyrrolidone (NMP) solvent in a mortar and blade-coated on
copper foil (99.99% Cu, 25 pum thick, MTI Corporation), followed by drying in an 80 °C vacuum
oven overnight, punching, and calendering. The electrodes were calendered with different
pressures (0 atm, 1500 atm, 3000 atm) for investigating the practical volumetric capacity. In an
argon-filled MBraun glovebox, the coin cells (2032) were assembled with a TNO working
electrode, lithium metal reference electrode, polypropylene-polyethylene-polypropylene
(PP/PE/PP) film separator (Celgard 2300), and 200 pL. 1M LiPFs electrolyte (in EC:DMC:DEC at
2:2:1).

The galvanostatic charging/discharging cycling at different rates was tested at room

temperature using a standard 8-channel battery analyzer (BST8 WA, MTI Corp). The rate of 1 C
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corresponds to 387.6 mA/g according to the theoretical capacity of TNO. The mass loading of
TNO active material was maintained at 3.2 + 0.3 mg/cm?. Gravimetric capacity is calculated based
on the mass of TNO active material, and volumetric capacity is calculated based on the volume of
the composite electrode (TNO, conductive carbon, binder). Both cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS) testing were performed using a Bio-Logic VSP
potentiostat/galvanostat system and analyzed by EC-Lab software. The voltammograms were
collected at sweep rates of 0.056 mV/s, 0.111 mV/s, 0.278 mV/s, 0.556 mV/s, 1.110 mV/s, and
2.780 mV/s, respectively, operating between 3.0 V and 1.0 V (vs. Li/Li"). EIS measurements were
carried out under potentiostatic mode at 3 V operated in the frequency range of 1 MHz to 0.01 Hz
under room temperature. The impedance values are calculated by fitting the Nyquist plot with the
equivalent electric circuit by the Z-fit method using EC-Lab software. Galvanostatic intermittent
titration technique (GITT) experiments were performed using an Arbin standard battery cycler
(BT2043-10V-100mA-40, Arbin).
3.3. Results and Discussion
3.3.1. Hydrolytic Co-precipitation of nanoscale TNO-Precursor

The microstructure of the TNO-Precursor sample is investigated using SEM and TEM.
Figure 3.1(a) displays a secondary particle structure composed of aggregated primary
nanoparticles. Further nanostructural characterization is conducted using TEM (Figure 3.1(b, ¢))
and STEM HAADF images (Figure 3.1(e)) which reveal primary nanoparticles of about 5-10 nm
size. Upon aggregation, the secondary particles develop pores ~4 nm in size according to BJH
desorption pore volume results (Figure 3.1(j)). The BET results illustrate a typical Type IV
isotherm hysteresis corresponding to a mesoporous structure characterized by a high specific
surface area (266 m*/g) and a BJH desorption pore volume of 0.1726 cm?/g. The diffraction pattern
in the SAED image (Figure 3.1(d)) shows a typical amorphous material ring, corroborating the
result of XRD in Figure 3.1(i), displaying no diffraction peaks from titanium niobium
oxides/hydroxides. EDS elemental mapping from TNO-precursor results in a high-uniformity
elemental distribution of Ti (Figure 3.1(f)), Nb (Figure 3.1(g)), and O (Figure 3.1(h)), indicating
homogeneous mixing of Ti and Nb at atomic level during the synthesis process. This nanoscale
intermediate obtained via the new method illustrate a superior homogeneity compared to

conventional precursors used in solid-state methods and other synthesis techniques[22,29].

80



) j)140 k)
TNO Precursor ('lg_) —— Adsorption ( 4 Survey
£1201—— Desorption
]
s o “=100 P
oo g 3
£ = 804 = 0.04 3
i % %0'“ 74 nm z
g $ 60 2003 Z
= z2 H 0.02 £
< X
= TiNb,0, PDF#01-070-2009 | 3. 401 2 =
£ > 0.01]
= c’: p
g 201 £ 0.00— 3=,
| l l L{ l o 4 6 8 1012 14 16 18 20
' I " .l l.lu.l' | ‘J.Ill. il dlll al ith 0 . . . . . Porlc Wic!tll (n:n) .
1020 30 40 50 60 70 80 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 600 500 400 300 200 100
2 Theta (degree) Relative Pressure (p/p°) Binding Energy (eV)
Oz (m) o 3a ™o
P Ti 2py, (Ti*) Nbi3dy, (Nb™) 8 .
P32 O-Nb/O-Ti
458,66 eV 207.13 eV 530.25 eV
3 3 Nb 3d,, (Nb¥) [} 3
< < 209.88 eV g
£z Ti2p,, (Ti‘“) E z
w @« @
5 464.48 eV S £ surface oxygen
E E E (-OH)
531.81 eV

468 466 464 462 460 458 456 454 214 212 210 208 206 204 536 534 532 530 528 526
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)

Figure 3.1 Morphology of nanoscale TNO-Precursor: (a) SEM image; (b, ¢) TEM images, and
(d) corresponding selected area electron diffraction (SAED) image, (¢) HAADF STEM image
and corresponding EDS elemental mappings of (f) Ti, (g) Nb, and (h) O. Physical properties of
TNO-Precursor: (1) XRD pattern; (j) N2 adsorption/desorption isotherm and corresponding BJH
desorption pore distribution curve (inset); (k) wide-scan XPS survey spectra and high-resolution

XPS spectra of (1) Ti 2p, (m) Nb 3d, and (n) O 1s.
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To better understand the chemical composition, bonding environment, and atomic valence
state of the TNO-Precursor, XPS measurements were performed. The survey spectrum (Figure
3.1(k)) proves the existence of the Ti (Ti 2p), Nb (Nb 3p, Nb 3d), and O (O 1s). The Cls peak at
284.80 eV originates from carbon contaminant. Specifically, TNO-Precursor consists of 10.2 at.
% Ti, 19.6 at. % Nb, and 70.2 at. % O. In the high-resolution XPS spectra of Ti (Figure 3.1(1)),
the peaks centered at 464.48 eV and 458.66 eV are assigned to Ti 2p12 and Ti 2p3/2 orbitals[30],
respectively, indicating the Ti*-O bonding in the TNO-Precursor[31]. In Figure 3.1(m),
corresponding photoelectron signals of Nb 3d3» and Nb 3ds» located at 209.88 eV and 207.13 eV,
respectively, are ascribed to pentavalent Nb of the Nb-O bonding[32,33]. A prominent
characteristic O 1s peak (Figure 3.1(n)) located at 530.25 eV corresponds to Ti*"-0[32,33], and
Nb>*-O[34], while the other peak located at 531.81 eV stems from the hydroxyl oxygen group (-
OH)[32].

3.3.2. Reactive Crystallization of TiNb207 by Calcination

A thorough microstructural investigation of TNO produced at three different calcination
temperatures, 700 °C (TNO-700C), 900 °C (TNO-900C), and 1100 °C (TNO-1100C) was
conducted by performing SEM, TEM, HAADF STEM, and SAED characterizations. Figure 3.2(a-
¢) displays SEM images of the three calcinated TNO materials. Additionally, the DLS particle size
distributions (Figure 3.3(i)) were determined with average sizes of 230 nm (TNO-700C), 295 nm
(TNO-900C), and 531 nm (TNO-1100C). These results elucidate that the submicron size of TNO
can be tuned by increasing calcination temperature[35]. To be more precise, TEM images (Figure
3.2 (d, k, r)) demonstrate the widths of both TNO-700C and TNO-900C materials as
approximately 50-300 nm, while the TNO-1100C sample measures around 200-500 nm.
According to Figure 3.2(d, e), the TNO-700C particles are revealed to be rather secondary made
from partially crystalline primary particles with 10-30 nm size (Figure 3.2(e)). In Figure 3.2(e),
the three orientations stem from the overlap of three single primary particles. The corresponding
diffraction pattern from the SAED image (Figure 3.2(f)) shows a typical ring pattern of mixed
amorphous and crystal domain materials. The TEM image in Figure 3.2(k, 1), along with its
corresponding STEM image (Figure 3.2(n)), shows single crystal particles of TNO-900C with a
width of 30-100 nm and length of 50-200 nm. The single-crystal property and monoclinic crystal
structure of TNO-900C can be verified from Figure 3.2(1), with the stripe spacing of d=1.03 nm
corresponding to the (001) plane.
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Figure 3.2 SEM images of (a) TNO-700C, (b) TNO-900C, and (c) TNO-1100C. (d) TEM, (e)
HRTEM, (f) SAED, (g) HAADF STEM, and (h-j) EDS mapping (Ti, Nb, O) images of TNO-
700C. (k) TEM, (1) HRTEM, (m) SAED (n) HAADF STEM, and (0-q) EDS elemental mapping
images of TNO-900C. (r) TEM, (s) HRTEM, (t) SAED (u) HAADF STEM, and (v-x) EDS
elemental mapping images of TNO-1100C.

The TEM elemental mapping images (Figure 3.2(o-q)) confirm the homogeneously
distributed elements of Ti, Nb, and O in TNO-900C. Figure 3.2(r, s) shows the TNO-1100C
material to consist of monocrystalline primary particles with a width of 400 nm and a length of

500 nm. The related SAED pattern (Figure 3.2(t)) confirms the single-crystalline nature of
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TiNb>O7 where the stripe spacing of d=1.03 nm corresponds to the (001) plane. The EDS mappings
in Figure 3.2(v, w, x) illustrate the highly even distribution of Ti, Nb, and O elements in TNO-
1100C. This high elemental homogeneity of TNO-700C, TNO-900C, and TNO-1100C can be
attributed to the novel route of the hydrolytic co-precipitation method, taking advantage of the
homogeneous dispersion at the atomic level in liquid solution. By contrast, the conventional solid-
state synthesis of TiNb,O7 materials can only enable particle-level dispersion thereby facing the
inevitable issue of impurity (TiO2, Nb2Os, or other reactants) even after long-term energy-intensive
thermal treatment (>1100 °C, >10 hours)[20,22,29].

XRD measurements are performed to investigate the effect of the calcination process on
crystallinity. The XRD patterns (Figure 3.3(a)) show that the phase transition from amorphous to
crystalline is highly temperature-dependent (the pattern for TNO precursor and TiNb2O7 are shown
for comparison). TNO-500C was identified to be amorphous according to similar diffraction peak
characteristics to TNO-Precursor. By contrast, TNO-700C displays some peaks corresponding to
TiNb,O7 (PDF#01-070-2009), with the two most predominant diffraction peaks emerging at
20=23.91° and 25.99°. Therefore, TNO-700C can be regarded as the partially crystalline phase of
TiNb2O7. As the calcination temperature is increased to 900 °C, the XRD pattern shows sharper
peaks compared with TNO-700C. For the sample calcinated at 1100 °C (TNO-1100C), three
prominent characteristic peaks appearing at 23.91°, 25.99°,26.31° correspond to the presence of
(011), (300), (206) lattice planes, respectively. These characteristic diffraction peaks are well-
matched with the TiNb2O7 pattern, confirming the high purity of the TNO-1100C sample. In
addition, the degree of crystallinity can be determined with the aid of equation A.9.
Correspondingly, the crystallinity of TNO-700C, TNO-900C, and TNO-1100C is calculated to be
58.6 %, 71.5 %, and 81.7 %, respectively. Furthermore, the XRD refinement (Figure 3.3(b, c))
was performed via the LeBail method using TOPAS software to obtain the lattice parameter values
of the TNO-900C and TNO-1100C samples. This refined XRD pattern was attributed to the
monoclinic ReO3 shear structure with C2/m space group, in agreement with previous reports of
TiNb2O7[12,36]. The resulting lattice parameters, volume, and theoretical density values for TNO-
900C and TNO-1100C are displayed in Figure A.1.
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Figure 3.3 (a) XRD patterns of TNO materials calcinated at different temperatures, (b) XRD
refinement of (b) TNO-900C and (c) TNO-1100C. XPS spectra: (d) Ti 2p spectra, (¢) Nb 3d
spectra, and (f) O 1s spectra of TNO-700C, TNO-900C and TNO-1100C samples. (g) Nitrogen
adsorption-desorption isotherm, (h) BJH desorption pore distribution of TNO materials, (i) DLS
particle size distribution of TNO-700C, TNO-900C, and TNO-1100C.

More insight into the transformation of TNO-Precursor during calcination was further
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obtained by TGA and DSC measurements (Figure A.2). A noticeable weight loss of 8 % observed



from up to 200 °C, can be attributed to the loss of water by evaporation from the hydrous mixed
(Ti-Nb) metal hydroxides. The subsequent weight loss up to 5 % from 200 °C to 500 °C, coupled
with two broad peaks at 285 °C and 455 °C in DSC curve, could be attributed to decomposition of
TNO-Precursor (i.e., dehydration of metal hydroxide) to form metal oxide. In the temperature
range of 500 °C to 1100 °C, there is no weight loss, reflecting thermal stability. Interestingly, an
endothermic peak is seen at 640 °C apparently signaling the onset of crystallization of TNO in
agreement with the observed shift from amorphous (500 °C) to crystalline (700 °C) XRD patterns
(Figure 3.3(a)).

To delve deeper into the chemical state of each element in different samples, XPS
measurements were performed, as shown in Figure 3.3(d-f). In the high-resolution XPS spectra
of the Ti 2p (Figure 3.3(d)), characteristic peaks positioned at 464.48 eV, 464.38 eV, and 464.28
eV originate from Ti 2p1/2 photoelectrons[30,37], while those at 458.66 eV, 458.56 eV, and 458.48
eV correspond to Ti 2p32 photoelectrons[30,37]. These characteristic peaks of Ti 2p12 and Ti2p3.
photoelectrons indicate the oxidation state of titanium in TNO-700C, TNO-900C, and TNO-1100C
to be Ti*" for TiNb2O7[31]. In the Nb 3d spectra (Figure 3.3(e)), the single peak at 209.76 eV
(TNO-700C) , 209.80 eV (TNO-900C), and 209.70 eV (TNO-1100C) is assigned to Nb 3ds
orbitals[32,33]; and the peak situated at 207.05 eV (TNO-700C), 207.08 eV (TNO-900C), or
206.96 eV (TNO-1100C) stem from Nb 3ds orbitals[32,33], confirming the presence of Nb>* state
in all the samples according to previous reports[38]. In the O 1s core-level spectra (Figure 3.3(f)),
the predominant peak at 530.06 eV, 530.03 eV, and 530.00 eV is assigned to the metal-oxygen
bonds (Ti*"-O and Nb>*-0)[32,39], originating from lattice oxygen in the TiNb,O7 phase[39] of
TNO-700C, TNO-900C, and TNO-1100C, respectively. The characteristic peaks at 531.74 eV,
531.71 eV, and 531.68 eV originate from the surface oxygen species[32]. Therefore, the obtained
oxidation states of Ti, Nb, and oxygen for all TNO products obtained at different calcination
temperatures correspond well to TiNb>O.

The effect of calcination temperature on specific surface area and porosity structure was
evaluated by using nitrogen adsorption-desorption isotherms (Figure 3.3(g)), and BJH desorption
pore distribution (Figure 3.3(h)). TNO-700C and TNO-900C yielded Type V isotherm curves[40].
Specifically, TNO-700C processes BET specific surface area of 37.64 m?/g, pore volume of 0.1335
cm?/g, and average pore size of 10 nm (mesoporous structure). In comparison, TNO-900C shows

a lower BET specific surface area of 4.00 m%/g, a lower pore volume of 0.0418 cm?/g, and an
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average pore size of 55 nm (macroporous structure). In contrast, TNO-1100C features a typical
Type 1I isotherm characteristic belonging to nonporous solids with low surface area (3.51 m?%/g)
and only 0.0153 cm?/g pore volume. These calculation values of BJH desorption pore volume and

BET specific surface area are summarized in Figure A.3 and Table A.2 for comparison.

3.3.3. Li-ion Storage Analysis: Gravimetric & volumetric capacity and fast-
charging performance

Figure 3.4(a) illustrates the galvanostatic charging-discharging performance of TNO
materials investigated at 0.5 C between 3.0 V and 1.0 V. Among the three samples in Figure 3.4(a),
the TNO-900C anode offers the best performance, namely initial discharging capacity of 279
mAh/g, high initial coulombic efficiency of 93.9 %, and superior capacity retention of 219.4
mAh/g (79 %) after 100 cycles. By contrast, the TNO-700C anode delivers 230 mAh/g discharge
capacity and low initial coulombic efficiency of 90 % at the first cycle and retains only 138 mAh/g
of its capacity after 100 cycles. Meanwhile, the TNO-1100C sample although it registers a
relatively high initial discharge capacity (235 mAh/g) and high initial coulombic efficiency (96%),
its capacity faded severely dropping to <145 mAh/g before the 20th cycle. The higher initial
capacities of TNO-900C and TNO-1100C than that of TNO-700C can be attributed to their higher
crystallinity, while the superior cycling stability of TNO-900C vis-a-vis that of TNO-1100C can
be attributed to its smaller crystal size and porous structure[35]. It appears therefore that TNO-
900C, featuring sub-micron-sized single-crystal particles with porous structure, represents the best
crystal microstructure for optimum electrochemical performance.

Figure 3.4(b-d) shows sloping voltage profiles of TNO-700C, TNO-900C, and TNO-1100C,
which can be attributed to solid-solution storage mechanism, consistent with other
literature[20,29]. The plateau region in these voltage profiles includes three zones: an initial
sloping zone (3.0 V-1.7 V), a “plateau-like” solid-solution reaction zone (1.7 V-1.5 V), and a final
sloping zone (1.5 V-1.0 V)[20,29]. The discharge voltage profile at the first cycle demonstrates a

large overpotential due to the lithiation reaction of pristine TiNb2O7.
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Figure 3.4 (a) Galvanostatic discharge/charge cycling at 0.5 C rate operated between 3.0 V to 1.0
V. Corresponding voltage profiles of (b)TNO-700C, (c) TNO-900C, and (d) TNO-1100C. (e) The
volumetric capacity of TNO-900C composite electrodes calendered under different pressures (0
atm, 1500 atm, 3000 atm).

Besides the gravimetric-based performance, the volumetric capacity has also been
determined, which has been seldom discussed in the literature[4,15]. Practical volumetric specific
capacity of electrodes involves the electrode capacity (mAh), electrode mass loading (mg/cm?),

and electrode density (g/cm?) (or electrode volume (cm?)). The effect of calendaring pressure on
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gravimetric and volumetric capacities (on an electrode volume basis) is presented in Figure 3.4(e)
and Figure A.4: It can be seen from Figure A.4 and Table A.3 that high calendering pressure
reduces slightly the gravimetric specific capacity, initial coulombic efficiency, and final capacity
retention. The initial discharge gravimetric capacity decreased from 279.0 mAh/g (0 atm electrode)
to 243.9 mAh/g (1500 atm electrode) and 238.8 mAh/g (3000 atm electrode). All the while, high
calendering pressure increases the available volumetric capacity by fabricating higher density
electrodes. For example, the TNO-900C electrode pressed under 0, 1500, and 3000 atm shows
densities of 0.69, 1.45, and 1.84 g/cm?, respectively (Table A.3). Figure 3.4(e) illustrates that the
3000 atm sample provides the highest specific volumetric capacity of 351.7 mAh/cm?, exceeding
that of the 1500 atm sample (283.3 mAh/cm?) and more dramatically that of the 0 atm electrode
(153.6 mAh/cm®). The reversible volumetric capacity of an optimal sample (3000 atm)
outperforms that of pure TNO previously reported by Toshiba[15].

Rate capability is another critical requirement for EV LIBs[41]. Galvanostatic cycling of
TNO-700C, TNO-900C, and TNO-1100C was conducted at different rates (0.1 C, 0.2 C,0.5C, 1
C, 2 C, 5 C) for six cycles and tested at 0.5 C in subsequent cycles (Figure 3.5(a)). TNO-900C
electrode (Figure 3.5(a, b)) provides discharge capacities of 272 mAh/g, 262 mAh/g, 256 mAh/g,
239 mAh/g, 216 mAh/g, and 133 mAh/g, at 0.1 C, 0.2 C,0.5C, 1 C, 2 C, and 5 C, respectively,
demonstrating better rate capability compared to those of TNO-700C and TNO-1100C.
Impressively, subsequent cycles of TNO-900C at 0.5 C rate demonstrate a reversible capacity of
about 250-225 mAh/g, exhibiting fast-rechargeability stability. In contrast, TNO-700C delivers 55
mAh/g at 5 C, restored to 200-180 mAh/g at subsequent cycling of 0.5 C. The corresponding values
for TNO-1100C are 50 mAh/g at 5 C and 135-125 mAh/g at subsequent cycling of 0.5 C. The
exceptional fast-rechargeability stability of TNO-900C anode is attributed to the combined effects
of single crystal and porous microstructure as opposed to TNO-700C which lacks single crystal
growth and TNO-1100C which lacks porous structure[35].
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The favorable rate capability of TNO-900C was further investigated by cycling it at a 5 C
high rate following 10-cycle aging (electrochemical activation at 0.5 C for 10 cycles). As can be
seen in Figure 3.5(c), TNO-900C offers a high discharge capacity of 223 mAh/g at 1% cycle and a
high capacity retention of 81.4 % (181.5 mAh/g) after 200 cycles at a high rate of 5 C. This
performance outperforms several studies[26,42-46], as illustrated in Figure 3.5(d) and in Table
A4, and discussed in Figure A.6 in terms of effect of mass loading on capacity in comparison to
other works[47]. Further, the fast-charging performance of the TNO-900C anode (Figure 3.5(e)
and Figure A.5) was tested by employing a protocol with a 10 C charging rate (full charge in 6
min) and 1 C discharging rate after 10-cycle aging. An impressive high initial charge capacity of
200 mAh/g under 10 C fast charging was obtained and a high capacity retention of 82 % (164
mAh/g) after 100 cycles. This is a remarkable fast-charging anode with high inherent cycling
stability.

3.3.4. TNO Electrode Characterization: Kinetic analysis

Next, we investigated the intercalation chemistry of the three TiNb,O7 materials through
electrochemical characterization. CV measurements of TNO-900C (Figure 3.6(a)), TNO-700C
(Figure 3.6(c)), and TNO-1100C (Figure 3.6(d)) were performed at a sweep rate of 0.278 mV/s
over the potential window of 3.0 V-1.0 V. Theoretically, there exist three redox couples of Ti*"/Ti*",
Nb>*/Nb*, and Nb**/Nb** involved in the electrochemical Li intercalation reaction of TNO[48].
For the TNO-900C electrode (Figure 3.6(a)), the first CV curve displays a single reduction peak
centered at 1.30 V, showing a significant overpotential compared with the subsequent cycles. The
appearance of single reduction peaks in the CV cycle can be attributed to the overlap of the
reduction reactions of Ti*/Ti**, Nb>*/Nb*", and Nb*"/Nb** redox couples[18,37]. After the first
lithiation/delithiation cycle, the reduction peaks in the 2" CV and 3™ CV cycles are at 1.53 V and
1.50 V, respectively, demonstrating reduced overpotential. The observed shift of reduction
potential corresponds to the gradual stabilization and reversibility of electrochemical Li
intercalation. Correspondingly, the dominant reduction peak at about 1.57 V and prominent
oxidation peak at 1.73 V can be assigned to the redox reactions of Nb**/Nb>* couple, the oxidation
peaks at 1.2-1.5 V, and the reduction peak at 1.4-1.0 V can be assigned to the redox reactions of
Nb**/Nb*" couple[18,37]. The voltage window ranging from 1.8 to 2.2 V responds to the oxidation
(anodic) peaks of Ti**/Ti*" couple, and that from 1.2-1.55 V voltage window is associated with the

reduction (cathodic) peaks of Ti*'/Ti*" couple[18,37]. In addition, EIS measurement of TNO-900C
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(Figure 3.6(b)) was performed to evaluate the impedance of TNO material before and after CV
cycling. The equivalent circuit used for fitting the EIS data is shown in Figure A.7(c). The charge
transfer resistance (Rcr) of pristine TNO illustrates a high impedance of 618.6 ohm, which is
attributed to the intrinsic low electronic conductivity of TiNb,O7[20]. By contrast, the Rct value
dramatically reduced to 5.8 ohms after the 1% CV cycle because residual Li in the bulk of TiNb,O
increases the electronic conductivity[20]. Meanwhile, solid electrode interphase (SEI) is formed
during the initial lithiation during 1% cycle, resulting in SEI resistance (Rsgr) to be 11.8 ohm.
Figure A.7(a, b) also reveals the intercalation behavior of TNO-700C and TNO-1100C,
respectively, that EIS impedance significantly decreases after the first lithiation. By contrast, the
TNO-700C and TNO-1100C illustrate similar electrochemical oxide reaction peaks with potential
shifts within 0.5 V in Figure 3.6(c, d) and reduced Rcr after lithiation, as shown in Figure A.7:
However, the TNO-700C (Figure 3.6(c)) demonstrates lower current density corresponding to its
low specific capacity (Figure 3.4(b)), while TNO-1100C (Figure 3.6(d)) provides irreversible CV

curves evidence of poor galvanostatic cycling stability (Figure 3.4(a)).
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The Li-ion diffusion coefficient (D;;+) was comprehensively determined based on EIS, CV,
and GITT measurements. Based on the EIS results in low frequency region of the Nyquist plot,
the Li ion diffusion coefficient (D ;+ g;5) can be determined by using equation A.12 and equation
A.13. Accordingly, the D ;+ ;g of TNO-900C is calculated to be 1.28x 107! cm?/s, which is higher
than those of TNO-1100C (6.36x10'* cm?/s) and TNO-700C (5.29x107'® cm?/s). To further
elucidate lithium diffusion kinetics, CV measurements at various scan rates were conducted.
Figure 3.7(a-c) indicates that the redox peak currents and overpotentials increase with the sweep
rates (v). Furthermore, the linear relation between redox peak current (I,,) and the square root of
the scan rate (v'/?) is shown in Figure 3.7(d): the fitted slopes of d(I,)/d(v*/?) of the TNO-
900C electrode are -0.16 (lithiation) and 0.21 (delithiation); that of the TNO-1100C electrode are
-0.14 (lithiation) and 0.15 (delithiation); that of TNO-700C electrode are -0.11 (lithiation) and 0.13
(delithiation), respectively. By using the calculated slopes iqn Figure 3.7(d), the Li" diffusion

coefficient (D ;+ ¢y/) can be determined according to Randle-Sevcik equation (equation 3.1)[49].

1,=2.69x10°n%2SCD] % . v'? (equation 3.1)

where 7 is the number of electrons involved in the redox reaction (n=1 in this case), S (cm?) is the
surface area of the electrode (813.2 cm? for TNO-700C, 91.5 cm? for TNO-900C, 92.7 cm? for
TNO-1100C), and C (mol/cm?) is the concentration of Li ions in the TiNb,O7 anode (0.019
mol/cm? (lithiation) and 0.021 mol/cm? (delithiation) for TNO-700C; 0.019 mol/cm? (lithiation)
and 0.026 mol/cm?® (delithiation) for TNO-900C, 0.019 mol/cm?® (lithiation), and 0.023 mol/cm?
(delithiation) for TNO-1100C). The calculated results of D;;+ ¢, are listed in Figure 3.7(e) and
Table A.5. . The determined D ;+ o, of TNO-900C (1.12x10" c¢m?/s for lithiation, 1.08x10°"
cm?/s for delithiation) is higher than those of TNO-1100C (8.33x107'* cm?/s for lithiation, 7.03x10-
4 ¢m?/s for delithiation) and TNO-700C (6.68x107'¢ ¢m?/s for lithiation, 8.20x107'¢ cm?/s for
delithiation). The high Li" diffusion coefficient of TNO-900C can be attributed to the high
crystallinity and nano/submicron-structure (ca. 300 nm) of TiNb,O7[35]. As shown in (Figure
3.7(e) and Table A.S. ), this TNO-900C material synthesized by the new hydrolytic-
coprecipitation-calcination method provides a superior Li" diffusion coefficient (Dy+ ¢y ),

compared with TNO pristine materials synthesized by solid-state synthesis[20,22,29].
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Figure 3.7 CV curves at varying sweep rates (0.056-2.78 mV/s) of (a) TNO-700C, (b) TNO-900C,
and (¢) TNO-1100C. (d) Comparison of peak currents (I,,) as a function of the square root of the
sweep rate (v'/?). (e) Literature comparison of D Li+ cv of pristine TNO calculated according to
CV data (Details shown in Table A.S.). (f) Linear relationship between [n (I,,) and In (v) of

oxidation and reduction peaks. (g) GITT curves of the 5 discharge-charge cycle at 0.5 C of TNO-
900C electrode and (h) calculated D ;+ ¢ based on GITT data.

In addition, the Li-ion chemical diffusion coefficient can also be determined by the GITT

method based on following equation (equation 3.2)[44,50].

b 4 (mBVM)2 (AEs

2
- 2 .
L% GITT™ 2 UM A AEt> (r<L?/D;;+) (equation 3.2)

Where 7 (s) is the duration time of the constant current pulse (300 s), mp (g) is the mass of active
materials (2.4 mg), Mg (g/mol) is the molar mass of active materials (345.68 g/mol), V,,; (cm?/mol)

is the molar volume of the active materials (79.38 cm?/mol), A (cm?) is the contact area between
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the electrode and the electrolyte (96 cm? for TNO-900C, estimated according to BET surface area
(4.0 m%/g)); AE; is the steady-state voltage change stemming from the current pulse during
different rest steps, and AE; is the voltage change during the galvanostatic discharge-charge time
(from 7 to Tg4) eliminating the iR drop. As illustrated in Figure 3.7(h), D ;+ ¢;rr of TNO-900C
during lithiation reaction range from 1.22x10* cm?s to 1.27x10"° cm?s, D+ gpp during
delithiation process vary from 5.25x107* cm?/s to 1.37x107"> cm?/s. The lowest D ;+ gr situated
at 1.55 V and 1.65 V stem from the two-phase reaction in TNb2O7 during lithiation/delithiation
because the two-phase interface limits the diffusion of Li ions[51]. The determined values of
D+ girr of TNO-900C (exempting the data at ~1.6 V) agree nicely with the corresponding CV-
derived D+ ¢, = 1.12x107" cm?/s (Figure 3.7(e)) and EIS-derived D+ ;¢ = 1.28%x10™ cm?/s
values.
Lastly, the contribution of pseudocapacitance as another metric to high-rate performance is
discussed. The pseudocapacitive behavior is probed first with the aid of equation 3.3 [19,29].
i=avP (equation 3.3)
Where i is the peak current (A), v is the scan rate (V/s), and a, b are adjustable parameters. The
value of a and b can be calculated from the plot of In(i) versus In(v) for both oxidation and
reduction peaks. In equation 3.3, b values correlate with the Faradaic effect: the system with b=0.5
corresponds entirely to a diffusion-controlled Faradaic intercalation process; the system with b=1
originates from the surface-controlled non-Faradaic EDL effect[52]. Figure 3.7(f) shows that the
obtained b values for the oxidation peaks/reduction peaks are 0.76/0.79 in TNO-1100C, 0.83/0.84
in TNO-900C, and 0.83/0.82 in TNO-700C, respectively. These calculated b values reveal that
both lithium-ion intercalation and pseudocapacitance processes contribute to the Li-storage
behavior of TNO electrodes. The higher b values of TNO-900C, compared with other samples,
can be attributed to the higher crystallinity and porous nanoarchitecture, resulting in superior rate
performance. Further characterization of the quantitative contribution of pseudocapacitance in the
capacities of TNO-700C, TNO-900C, and TNO-1100C samples has been determined by using

equation 3.4[53,54].

1
i(V)=k,vtk,»2 (Equation 3.4)

where i(V/) is total current at specific voltage (V'), v is voltage sweep speed, k; and k, are

adjustable parameters, kv denotes surface-controlled capacitive storage and k,v'/? corresponds
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to diffusion-controlled intercalation storage process. Figure A.8(a) shows the CV behavior of
TNO-900C at 0.056 mV/s with the capacitive contribution being 12.8 %. Capacitive contribution
is seen to increase progressively with accelerated sweep rate reaching 50% at 2.78 mV/s for TNO-
900C. The same trend is observed for all three samples (Figure A.8(b)), in alignment with previous
reports [42,53].
3.4. Conclusion

In this study, we developed single-crystal TNO anode materials with sub-micron size for fast-
charging batteries by a novel scalable hydrolytic co-precipitation method combined with optimized
high-temperature calcination. The hydrolytic co-precipitation approach features advantages such
as scalability, high homogeneity, and high controllability in the fabrication of nanostructured TNO-
Precursor. The primary particles of the precursor were shown to exist in the range of 10 nm and
enable a homogeneous crystallization reaction during the subsequent calcination process
(conducted at 700, 900, and 1100 °C). The obtained TNO-900C particle characterized by a single
crystal structure illustrates a high gravimetric capacity of 279 mAh/g at the initial cycle and 219.4
mAh/g after 100 cycles at 0.5 C. In addition, the TNO-900C electrode provides a practical
volumetric capacity of 351.7 mAh/cm? after calendering at 3000 atm. In addition, TNO-900C
delivers remarkable cycling stability at 5 C providing a high capacity of 223 mAh/g and a high
retention of 81.4 % after 200 cycles. Most importantly, TNO-900C illustrates outstanding fast-
charging performance with a reversible capacity of 200 mAh/g under 10 C fast charging (6 min
full charge) and 1 C discharging. From the kinetic analysis, a high Li" diffusion coefficient was
achieved for TNO-900C, ranging from 1.22x107'* ¢cm*s to 1.37x10"® cm?s. This superior
electrochemical performance of TNO-900C originates from its monocrystalline property and
submicron size. Findings from this research, particularly on the high gravimetric/volumetric
capacity and intercalation behavior of single-crystal TNO at high rates, provide new insights into

developing practical TNO anode materials for fast-charging EV LIBs.
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4. Fe**-substitutional Doping of Nanostructured Single-crystal TiNb,O~ for
Long-stable Cycling of Ultra-Fast Charging Anodes

Bridge: In Chapter 3, we first report a novel scalable aqueous synthesis method yielding
single-crystal TNO particles with submicron size (ca. 300 nm) for LIB anode. This
monocrystalline TNO anode material illustrates outstanding fast-charging performance with a
reversible capacity of 200 mAh/g under 10 C fast charging and 1 C discharging. The obtained TNO
anode demonstrates a high gravimetric capacity (250 mAh/g) and an impressive volumetric
capacity (360 mAh/cm?) at 0.5 C and offers remarkable cycling stability at 2 C with a high
retention of 86.8 % after 200 cycles. However, the battery degradation after hundreds of cycles
under high rate impede their long-cycling application, which likely stem from the change of
material structure. The work in Chapter 4 addresses the second objective of thesis, i.e., to modify
the cycling stability of single-crystal TNO by Fe*" substitutional doping and investigate the
underlying mechanism. Based on the universal aqueous precipitation synthesis developed in
Chapter 3, we achieved one in-situ substitutional doping of Fe (in the form of FeCls) by leveraging
the similar chemical properties and thermodynamic behavior of TiCls and NbCls during aqueous
precipitation reactions. The novel Fe**-doped TNO monocrystalline, thanks to the increased
conductivity, modulated lithium-ion diffusion channels, and enhanced material structural stability,
demonstrates significant improvements in fast-charging capability and cycling durability up
beyond 1000 cycles.

This chapter is a reproduction of the manuscript published in Nano Energy, with the

following citation:
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Abstract

Titanium niobate (TiNb20O7, TNO) has emerged as a promising lithium-ion battery (LIB)
anode option for fast charging applications. However, the cycling durability of TNO under
extremely fast charging is still limited, and the corresponding structural alteration mechanism

remains unclear. This research reports an ultra-fast charging anode with long-term cycling stability
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enabled by Fe substitution in single-crystal TNO nanostructures. The underlying mechanism via
which Fe substitution affects TNO’s electronic properties, ionic diffusion kinetics, and structural
stability is revealed through combined theoretical modeling and experimental characterization.
The optimal Fe*"-doped TNO monocrystalline material (Feo.0sTio.osNb20g.975) (Fe5-TNO) provides
a remarkable charge capacity of 238 mAh/g under a 10 C (6 min charging time only) extreme fast-
charging protocol (coupled with 1 C discharge), and a high capacity of 200 mAh/g at 5 C with
high cycling retention of 85 % after 1000 cycles. Our calculations suggest that Fe*" substitutional
doping leads to a lowering of the band gap coupled with a reduction in the Li" diffusion energy
barrier. Overall, these factors contribute to reduced capacity decay and extreme fast charging,
together promoting durable cycling performance suitable for LIB usage. Reflection electron
energy loss spectroscopy (REELS) reveals that Fe*" doping narrows the band gap from 3.75 eV of
TNO to approximately 3.40 eV for Fe5-TNO; after initial lithiation, both TNO and Fe**-doped
TNO are transformed into a higher-conductivity phase, in agreement with density functional theory
(DFT) predictions. Meanwhile Fe** doping is shown exhibited to decrease the Li* diffusion energy
barrier, boosting the Li* diffusion coefficient by one order of magnitude, from 1073 to 10712 cm?/s.
This research provides new insights into the design of next-generation fast-charging LIB anodes

via DFT-guided substitutional doping.

4.1. Introduction

Electric vehicles (EVs) require extreme fast charging (XFC), corresponding to a charging
time of less than 15 min (> 4 C fast charging) to reach 80% state of charge, and long cycling [1].
However, existing commercial electrode materials hardly meet these requirements. From the
perspective of the LIB anode, several problems remain. For example, dominant and cost-effective
commercial graphite anode materials with low working potential (ca., 0.1 V vs. Li/Li") suffer from
Li dendrite formation safety issues, primarily due to overpotential operating under extreme fast
charging (XFC) [2]. Next-generation fast-charging anode materials with a high rate, safe operating
potential, and long cycling are thus needed to overcome these challenges. One of the most
promising commercialized fast-charging anode materials, spinel lithium titanate (Li4TisO12) offers:
superior fast-charging capability, safe working potential (ca., 1.5 V vs. Li/Li"), and excellent
cycling stability, benefitting from its “zero-strain” property and high Li" diffusion kinetics.

However, LisTisO12 possesses low theoretical capacity (175 mAh/g) that is only half of the
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aforementioned commercial graphite anode, limiting its further application in EVs. By contrast,
titanium niobate (TiNb2O7) provides good fast-charging properties, safe operating voltage (ca. 1.6
V vs. Li/Li") at high rates, and high theoretical capacity (387 mAh/g) [3,4]. However, the
stoichiometric TiNb2O7 anode is characterized by low electronic conductivity originating from a
wide band gap [4,5], suffers from sluggish ion diffusion kinetics [6], and exhibits limited
cyclability when subjected to fast charging.

Substitutional cation doping is a promising modification strategy for unlocking the extremely
fast-charging capability of TiNb>O7 anode materials and achieving a long cycle life [7-10]. From
the perspective of electronic conductivity, substitutional doping can narrow the band gap by
providing mid-gap defect bands/states and by possibly also introducing more holes (p-type doping)
or valence electrons (n-type doping) to increase the conductivity [5,7]. From the aspect of Li"
diffusion, substitutional doping may also reduce the Li* hopping energy barrier, thereby increasing
the lithium-ion diffusion coefficient [5,7]. To date, many element dopants have been investigated
to efficiently enhance their electrochemical performance, such as chromium (Cr**) [11], lanthanum
(La*") [12], zirconium (Zr*") [13], ruthenium (Ru*") [14], molybdenum (Mo>* and Mo®") [15-17],
tungsten (W®") [18,19], etc. Nevertheless, most of these dopants are costly heavy or rare elements,
and in some cases, can constitute environmental hazards. Therefore, abundant, cost-efficient, and
environmentally friendly elements for cation doping, including copper (Cu**) [8,20] and iron
(Fe*"), are worth exploring for sustainable application. For example, Yang et al. [8] have shown
Cu?" doping into Ti*" sites enhances the electrochemical performance of TNO, proving that
substitutional doping can modulate the bandgap and reduce the Li" diffusion energy barrier.
Mechanistically, previous studies have attributed the improved Li" diffusion kinetics to the larger
ion radius of Cu®" dopant (ca. 0.72 A), compared to Ti*' (ca. 0.61 A) and Nb>* (ca. 0.69 A), which
results in structural changes that enlarge the Li* transport channels [8,20]. This mechanism is a
commonly accepted explanation for cation doping with larger-radius dopants, such as Cu®* [8,20],
La** [12], Z* [13], etc. However, the impact of structural distortions from quasi-equisized
dopants on widening Li ion diffusion channels is not well understood. Therefore, applying Fe**
with a quasi-equisized ion radius (ca. 0.64 A) [21] as a dopant can provide new insights into the
cation substitutional doping mechanism. Additionally, the Fe**/Fe** redox couple operated in the
iron oxide anode [22] and Fe-doped niobium-based oxide [21], could also enhance Li-storage

capacity. However, Fe*" substitutional doping in TiNb,O7 crystals has not been investigated.
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Furthermore, the nanostructure of TNO-based materials can also influence the fast-charging
capability by providing shorter Li" diffusion pathways and suppression of crystal volume
expansion. To date, however, it remains challenging to effect in-situ substitutional doping of
transition metal into nanostructured TNO materials with tunable composition [1,7,9]. Current
substitutional doping synthesis techniques for TNO anode materials, such as solid-state methods
[14] and organic-solvent methods [4,19,23], suffer from insufficient homogeneity, complicated
procedures, scalability challenges, or environmental concerns. These limitations hinder the
practical application of TNO [7]. Consequently, exploring new fabrication methods that enable
nanostructured TNO and compositional doping becomes crucial. Our previous research [24]
developed one scalable green aqueous approach by controlled co-precipitation to engineer
submicron-sized monocrystalline TNO materials, which provides upon modification a scalable in-
situ substitutional doping method for single-crystal TNO nanomaterials. Given this nano-synthesis
approach using TiCls and NbCls as precursors, Fe (in the form of FeCls) exhibits similar chemical
properties and thermodynamic behavior during aqueous precipitation reactions, [25] making it a
suitable choice for in-situ substitutional doping.

Herein, we investigated iron (Fe®") substitution in nanostructured TNO monocrystalline
materials (FexTi1xNb20O7.x2, x=0.01, 0.05, 0.10) via an aqueous homogeneous synthesis method
with great promise towards industrial scalability and have further explored in-depth the mechanism
of Fe** doping to enhance the ultra-fast charging response. The optimal 5% Fe*"-doped TNO (Fe5-
TNO) is shown to demonstrate remarkable extreme fast-charging capability (238 mAh/g under 10
C charge/1 C discharge), and outstanding cycling stability at 5 C high rate (85 % retention after
1000 cycles). This research provides new insight into the multifaceted impact of Fe doping into
TNO in terms of crystal structure and redox reaction evolution during lithiation, ionic diffusion
and electronic conductivity enhancement through synergetic experimental investigation and

density functional theory (DFT) calculations.

4.2. Experimental Section
4.2.1. Materials Synthesis
The iron substitutional doping of nanostructured Fe-doped TNO materials is a modification
of the universal homogeneous synthesis method [24] (Scheme B.1), which includes the following

steps: (1) cold-temperature solution preparation, (2) pH-controlled hydrolytic co-precipitation, and
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(3) high-temperature calcination. First, three separate individual aqueous stock solutions were
prepared by slowly adding respectively, ferric chloride hexahydrate (99 % FeCls-6H>O, Sigma-
Aldrich, USA), titanium tetrachloride (99.0% TiCls, Sigma-Aldrich, USA), and niobium
pentachloride (99% NbCls, Thermo Fisher Scientific, USA) salts into cold DI water (below 10 °C
using an ice bath) under vigorous magnetic agitation. The concentrations of these three stock
solutions were adjusted to 0.1 mol/L Fe(IlI), 1 mol/L Ti(IV), and 0.5 mol/L Nb(V), respectively.
Second, the three solutions were mixed at appropriate ratios with DI water using variable amounts
of Fe (x=0, 0.01, 0.05, 0.1), to yield 200 mL Fe-Ti-Nb-ClI solution containing 0.05 mol/L Nb(V).
After that, the Fe-Ti-Nb-Cl aqueous solutions were neutralized from acid (pH<1) to base (pH=9)
by dropwise ammonium hydroxide (99.9% NH4OH, 29% NHj3 basis, Sigma-Aldrich, USA) at a
rate of 0.1 mL/min under agitation (400 rpm) addition to produce precursor FexTiixNb2O7.x2
precipitate via hydrolytic co-precipitation reaction. The obtained amorphous co-precipitate solids
(Fe-TNO precursors) were then centrifugated, washed five times with 1 L warm water (60-80 °C),
and dried in an oven at 80 °C overnight. Finally, nanostructured FexTi;xNb2O7.x»2 (Fe-TNO crystal)
monocrystalline materials were obtained by high-temperature calcination processing. As
determined previously [24], the Fe-TNO precursor was annealed at 900 °C for 4 h in continuous
flow oxygen gas (10 vol% Oz and 90 vol% N») with a heating ramping rate of 5 °C/min in the tube
furnace oven (OTF-1200X-S50-2F Mini CVD tube furnace, MTI Corporation, USA).
4.2.2. Material Characterization

The solution concentrations of Fe(III), Ti(IV), and Nb(V) and the elemental composition of
solids (Fe-TNO precursors and crystals) were determined via inductively coupled plasma optical
emission spectrometry (ICP-OES, Thermo scientific, iCAP 6700 Series). X-ray diffraction (XRD)
analysis was performed with a Bruker D8 Discovery X-ray diffractometer (VANTEC Dector Cu-
Source) and applying LeBail refinement with the aid of TOPAS (Bruker) V5 software. Crystal
morphology and elemental distribution maps were characterized using a Hitachi SU-8000 Cold
Field-Emission scanning electron microscope (SEM) equipped with energy-dispersive X-ray
spectroscopy (EDS) detector (XMax 80 mm? Oxford Instruments). Transmission electron
microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), scanning
transmission electron microscopy (STEM), selected area electron diffraction (SAED), and Fast
Fourier Transform (FFT) images were obtained on Thermo Scientific Talos F200X G2

TEM/STEM instrument operated at 200 kV. The high-angle annular dark field (HAADF) imaging
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was performed at a beam convergence angle of 10.5 mrad and the detector collection angle of 58-

200 mrad. X-ray photoelectron spectroscopy (XPS), and reflection electron energy loss

spectroscopy (REELS) were performed on Thermo Scientific Nexsa G2 surface analysis system.
4.2.3. Electrochemical Characterization

Half-cells were assembled for electrochemical testing. Fe-TNO or TNO active materials (80
wt.%), acetylene black (10 wt.%), and poly(vinylidene difluoride) (PVDF) binder (10 wt.%) were
manually milled with N-Methyl-2-pyrrolidone (NMP) solvent in a mortar and doctor blade-coated
on copper foil (99.99% Cu, 25 pm thick, MTI Corporation), followed by drying in an 80 °C vacuum
oven overnight, before punching and calendaring. The active material loading was 3 + 0.5 mg/cm?.
The coin cells (2032) were assembled in an argon-filled MBraun glovebox comprising the TNO
working electrode, lithium metal as the counter electrode, polypropylene-polyethylene-
polypropylene (PP/PE/PP) film separator (Celgard 2300), and 200 uL. 1M LiPFs electrolyte (in
EC:DMC:DEC at 2:2:1).

The galvanostatic charging/discharging cycling at different rates (1 C=387.6 mA/g) was
tested at room temperature using a standard 8 channel battery analyzer (BST8 WA, MTI Corp).
Gravimetric specific capacity was calculated based on the mass of active material. Both cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS) were performed using a
Bio-Logic VSP potentiostat/galvanostat system and analyzed with EC-Lab software. CV was done
at sweep rates of 0.056 mV/s, 0.111 mV/s, 0.278 mV/s, 0.556 mV/s, 1.110 mV/s, and 2.780 mV/s,
respectively, operating between 3.0 V and 1.0 V (vs. Li/Li"). Meanwhile, EIS measurement was
performed before/after each CV cycle in the frequency range from 1 MHz to 0.01 Hz.
Galvanostatic intermittent titration technique (GITT) experiments were performed using an Arbin

standard battery cycler (BT2043-10V-100mA-40, Arbin).

4.2.4. Calculation methodology
The electronic properties of TiNb2O7, Fe-doped TiNb2O7 and their lithiated structures were
studied in the framework of Density Functional Theory (DFT) within the Vienna ab initio Software
Package (VASP) [26-28]. A set of projector augmented wave (PAW) [29,30] potentials were used
for Ti, Nb, O, Fe, and Li containing 12, 13, 6, 16, and 1 valence electrons, respectively, labeled as
“Ti_sv’: 352 3p6 4s2 3d2’, ‘Nb_sv’: “4s2 4p6 5s1 4d4°, ‘O’: “2s 2p4°, ‘Fe_sv’: ‘352 3p6 3d7 4s1’,
and ‘Li’: ‘2s1’. A plane-wave energy cutoff of 500 eV was applied in all calculations. Moreover,

all calculations were spin-polarized. Lattice relaxation was done utilizing the GGA functional of
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Perdew, Burke, and Ernzerhof (PBE) [31], while a correction for electronic correlation was done
using an on-site Hubbard correction term (DFT+U) [32,33] U=4.2e¢V on the local 3d orbitals of
the Ti atoms [21].

The initial primitive cell structures were obtained from the Materials Project [34] using a fully
relaxed 2x2x2 k-point grid until interatomic forces converged to 0.01eV/A. The convergence
criterion for the electronic degree of freedom was set at 1% 10° eV. A supercell of 1x3x1 TiNb>O7
was created and used for all further calculations. To dope TNO with 5% Fe doping, one Fe atom
was substituted into a Ti site. The overall structure was fully relaxed. Both supercells, pure TNO
(without doping) and Fe-doped TNO were fully relaxed with a 1x1x1 Monkhorst-Pack k-point
scheme. A Gaussian smearing of 0.02 eV was used in all electronic structure calculations, but for
the presentation of density of states (DOS) results, this value was increased to 0.05 eV.

The hybrid functional HSE06 with a 0.25 fraction of exact exchange [31,35] was used in all
electronic structure calculations, as it yields results more closely aligned with experimental
observations, especially in electronic structure calculations of transition metal oxides[31,36-38].
While, due to computational constraints, the DFT+U method was used to calculate the diffusion
barrier in both pure and Fe-doped TNO [31,37,38].

Additionally, the electronic structure of lithiated TNO (adding one Li atom per supercell) and
lithiated Fe-doped TNO structures was also studied. To study the effect of Fe-doping on ionic
diffusion mechanisms in TNO, the two systems (pure and Fe-doped TNO) were lithiated by adding
a single Li atom. All the calculation details for lithiated structures were kept the same for TNO and
Fe-doped TNO.

Finally, the software package VESTA [39] was used to visualize and produce charge density

difference plots.

4.3. Results and Discussions
4.3.1. Elemental Composition and Morphology of Single-crystal Nanomaterials
The nanostructured Fe*"-doped TNO materials (FexTii-xNb2O7.x2, x=0.01, 0.05, 0.10) have
been engineered via an aqueous scalable synthesis process [24] (Scheme B.1). The elemental
compositions of TiNb,O7 (TNO), Feo.01Tio.99Nb20Os.995 (Fel-TNO), Feo.05Ti0.9sNb20s975 (Fe5-
TNO), and Feo.1Tio9Nb20s.75 (Fe10-TNO) materials have been confirmed by ICP-OES as shown

in Table B.1. XPS measurements were performed to further analyze the elemental composition
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and chemical valence state of Fe, Ti, Nb, and O elements. The XPS survey spectrum (Figure B.1

and Table B.2) proves the existence of Ti*", Nb>", 0% in both TNO and Fe5-TNO plus Fe*" in the
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Figure 4.1 Morphology of TNO, Fel-TNO, Fe5-TNO, and Fel0-TNO. (a) SEM, (b) TEM, (c)
HRTEM, (d) SAED, (¢) HAADF and EDS mapping of TNO material. (f) SEM, (g) TEM (HAADF
inserted), (h) HRTEM, (i) SAED, and (j) EDS mapping of Fel-TNO material. (k) SEM, (1) TEM
(HAADEF inserted), (m) HRTEM, (n) SAED, and (o) EDS mapping of Fe5-TNO material. (p)
SEM, (q) TEM (HAADF inserted), (r) HRTEM, (s) SAED, and (t) EDS mapping of Fel0-TNO
material.
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The crystal morphologies of TNO, Fel-TNO, Fe5-TNO, and FelO0-TNO materials are
presented in Figure 4.1. The SEM images in Figure 4.1(a, f, k, p) and TEM images in Figure
4.1(b, g, 1, q) prove all four materials to be made of nanostructured single-crystal particles. The

HRTEM (Figure 4.1(c, h, m, r)) and corresponding SAED images (Figure 4.1(d, i, n, s)) confirm
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their monocrystalline nature and indicate the interlayer spacing of (003) plane (doo3) to increase
from 3.4 A in TNO and Fel-TNO to 3.5 A in Fe5-TNO and Fel0-TNO materials. EDS mapping
in Figure 4.1(e) reveals the homogeneous elemental distribution of Ti, Nb, and O in undoped
TiNb2O7. Similarly, EDS mapping reveals Fe, Ti, Nb, and O elements to have been homogeneously
distributed in bulk of Fe1-TNO (Figure 4.1(j)) and Fe5-TNO (Figure 4.1(0)), suggesting that Fe**
has been evenly substituted in Ti*" sites. By contrast, Figure 4.1(t) displays two single particles of
the Fe10-TNO material: one with high-element-homogeneity of all Fe, Ti, Nb, and O elements,
while the other particle comprises only Fe, Ti, and O apparently representing an impurity phase.
The impurity phase particles found in Fel0-TNO material could be correlated with the presence
of a saturation limit for Fe*", above which excess iron cannot be homogeneously substituted into
the TiNb2Oy lattice.
4.3.2. Structural Evolution Induced by Fe Substitution

To further investigate the effect of Fe substitution into the TNO crystal structure, atomic-level
TEM images of TNO (Figure 4.2(a-d)) and Fe5-TNO monocrystalline particles (Figure 4.2(e-h))
were examined. This stoichiometry was selected for rigorous characterization, as it demonstrated
the most promising electrochemical properties (as shown in Figure 4.4). Figure 4.2(c) and Figure
4.2(g) show the well-ordered arrangement along the [010] zone axis of TNO and Fe5-TNO crystals
respectively, which match the charge density of the TiNb>O7 crystal unit cell at the [010] zone axis
simulated by DFT calculation (Figure B.6(b)). The interlayer spacing of the (001) plane (do1)) in
Fe5-TNO crystals is 10.40 A (Figure 4.2(g)) which is larger than that in TNO with 10.30 A
(Figure 4.2(c)), indicating Fe substitution enlarges the interlayer distance [40]. According to
Figure 4.2(c, d) TNO crystals are characterized by periodic arrangements similar to other reported
pure TiNb,O7 materials, where prominent bright spots represent Ti and Nb atoms [23,40]. By
contrast, the Fe5-TNO crystals illustrate a slight structure distortion (Figure 4.2(g)) with clearly

different atomic arrangements in corresponding line profiles (Figure 4.2(h)).
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Figure 4.2 (a) TEM image, (b) FFT image, (c) atomic- resolutlon HRTEM image, and (d) the line
profiles along the Ti(Nb) column of TNO. (¢) TEM image, (f) FFT image, (g) atomic-resolution
HRTEM image, and (h) the line profiles along the Ti(Nb) column of Fe5-TNO.

The effect of Fe substitution on crystallographic properties was further investigated by XRD
analysis (Figure 4.3(a-c)). The obtained TNO and Fe-doped TNO phase patterns (Figure 4.3(a))
can be indexed to the TiNb,O7 phase with monoclinic C2/m space group (PDF#01-070-2009). Two
predominant diffraction peaks emerge at 26=23.91° and 25.99° corresponding to (110) and (003)
lattice planes of TiNb2O7, respectively. With the increase of Fe substitution, the peaks of (110) and
(003) planes gradually shift to lower 2 theta values and the peak intensity ratio of (110)/(003)
increases, suggesting that Fe substitution changes the crystal structure. In Figure B.2, the XRD
pattern reveals the appearance of an impurity phase with increasing Fe content to x=0.2 and 0.5.
To investigate the crystal evolution, the crystal lattice parameters of TNO and Fe5-TNO samples
were determined by Le Bail refinement (Figure 4.3(b, ¢)). The detailed parameters of Fe5-TNO
(in Table B.2) show a, ¢ values as well as the £ value to increase, consistent with the TEM results

in Figure 4.2 (¢, d, g, h). Conversely, the b value and crystal volume (V) decrease.
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FT-IR spectroscopy (Figure B.3) was conducted to compare the bonding characteristics of
TNO and Fe5-TNO materials. The peaks at approximately 970 cm™ and 920 cm™ in both TNO
and Fe5-TNO samples were assigned to the stretching vibrations of the Nb-O bonds [41]. The
peaks at approximately 490 cm™ in TNO and Fe5-TNO samples arise from stretching vibrations
of Nb-O-Nb bridging bonds [42]. It is noteworthy that the peak corresponding to Ti-O-Ti bridging
bonds illustrated a shift from 670 cm™ in the TNO sample to 650 cm™! in the Fe5-TNO sample
[43]. The shift in the Ti-O-Ti bond peak can likely be attributed to the effect of Fe substitution into

Ti within the lattice structure, in agreement with the XRD refinement results and TEM images.
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calculated by DFT. (e) Formation energy of potential substitution doping sites calculated via DFT.

To delve deeper into the structural evolution, DFT calculations were employed to investigate
potential doping sites and lattice changes. A DFT model with 5% Fe*" doping was constructed to
explore the lattice in TNO. The ground state total energies of four different potential Fe-doping
sites (Til, Ti2, Ti3, and Ti4) were evaluated to determine the stable doping site of Fe in TNO as
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shown in Figure 4.3(d). Among all the evaluated Ti doping sites with Fe (Figure 4.3(e)), the Til
site with minimum energy was determined to be the preferable Fe substitution site in the Fe5-TNO
crystal unit cell. Further details on this calculation approach can be found in the Supporting
Information. Based on the calculated model in Figure 4.3(f), DFT studies show that the Fe*"
doping distorts the TNO crystal structure by increasing the a and ¢ lattice parameters and the S
angle with a decrease in the b axis, aligning qualitatively with the findings in TEM (Figure 4.2(c,
d, g, h)) and XRD refinement (Figure 4.3(b, ¢)). This a and ¢ value expansion implies the
broadening of the b-tunnel diffusion channel, which is the primary diffusion channel in TNO
[8,12]. Additionally, the observed decrease in the b value leads to a slight shortening of the
diffusion channel length. Therefore, this structural evolution induced by Fe substitution is proven
to both experimentally and theoretically have a favorable effect on Li ion diffusion [12,21].
4.3.3. Extreme Fast Charging Capability

The lithium storage performances of TNO, Fel-TNO, Fe5-TNO, and Fel0-TNO electrodes
were determined under galvanostatic cycling in the voltage window from 3 V to 1 V. As shown in
Figure 4.4(b, c¢), both TNO and Fe5-TNO provide 1.65 V of average working potential and feature
three regions, an initial sloping profile, a “plateau-like” region, and another sloping region.
Notably, Fe5-TNO shows a smaller overpotential than the TNO material at high rates (ca., 2 C and
5 C). Figure 4.4(a) illustrates the rate performance of TNO and Fe5-TNO corresponding to Figure
4.4(b, ¢). The TNO material (Figure 4.4(c)) provides 254.8, 236.8, 211.9, and 128.5 mAh/g
discharge capacities at 0.5 C, 1 C, 2 C, and 5 C, respectively. By contrast, the Fe5-TNO electrode
(Figure 4.4(b)) yields superior discharge capacities of 285, 250, 225, and 195 mAh/g at 0.5 C, 1
C, 2 C, and 5 C, respectively. This different discharge curve of Fe5-TNO at about 1.2 V could be
associated with the Fe**/Fe** redox couple, involving lithiation reactions that contribute to the
additional discharge capacity [22,25]. The Fel-TNO and FelO-TNO electrodes display
intermediate rate performance between that of TNO and Fe5-TNO (Figure 4.4(a)): discharge
capacities of 260, 225, 200, and 150 mAh/gat 0.5 C, 1 C, 2 C, and 5 C, respectively.
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Figure 4.4 (a) Rate performance of TNO, Fel-TNO, Fe5-TNO, and Fel0-TNO; and capacity-vs-
potential profile of (b) TNO and (c) Fe5-TNO. (d) 10 C extreme fast-charging (coupled with 1 C
fast-discharging) of TNO and Fe5-TNO after 0.5 C/0.5 C electrochemical activation.

More importantly, the remarkable fast-charging capability of Fe5-TNO has been proven using
anew 10 C-fast-charging protocol designed to simulate actual EV battery operation, featuring 10
C charging (CC) coupled with 1 C discharging (DC) after an initial 0.5 C aging sequence (0.5 C
(CC)/0.5 C (DC)). The Fe5-TNO electrode (Figure 4.4(d)) provides a high initial charge capacity
of 238 mAh/g (at the 2" cycle) under the 10 C-fast-charging protocol and a capacity retention of
79 % after 200 cycles, much higher than that of TNO. The superior electrochemical performance
of Fe5-TNO compared to other samples can be attributed to homogeneous Fe** substitutional
doping into Ti*" sites and the effect of the compositional doping ratio. Specifically, improving
dopant composition from 1% Fe*" substitution (Fel-TNO) to 5% Fe** substitution (Fe5-TNO)
promotes the electrochemical properties of TNO materials by aiding Li* diffusion. However,
further increasing the Fe** dopant composition to 10% Fe** substitution (Fel0-TNO) decreases
battery performance, which is attributable to the formation of a Ti-Fe-O impurity phase as shown

in Figure 4.2(t).
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4.3.4. Liion Diffusion Kinetics

The effect of Fe substitution on Li ion diffusion kinetics was systematically evaluated through
electrochemical techniques. The GITT curves (Figure 4.5(a)) were obtained to determine the Li-
ion chemical diffusion coefficient (D;;+ 5;rr) based on equation B.3 [4,44]. Accordingly,
D+ grrr in Fe5-TNO is calculated to be from 6.08x10™" to 1.10x10™'? cm?/s during discharging
(Figure 4.5(b)) and from 3.68x10°'* to 1.05x10°'? cm?/s during charging (Figure 4.5(c)), which
significantly exceeds that of TNO, recorded to be from 5.25x107'* to 1.37x10™"* cm?/s during
discharging (Figure 4.5(b)) and from 1.22x10'* to 1.09x10'3 ¢m?/s during charging (Figure
4.5(c)). The Li" chemical diffusion coefficient (Dy;+ cyp) can also be determined according to the
Randle-Sevcik equation (equation B.4) by using CV curves [45,46]. CV curves at varying sweep
rates (Figure 4.5(d, e)) were tested to determine the linear relation between redox peak current
(/,) and the square root of the scan rate (v!”?). As demonstrated in Figure 4.5(f), the fitted slopes
of d(lp)/d(vm ) for Fe5-TNO are 2.88 (charging) and -3.37 (discharging), while those of TNO
electrode are 2.54 (charging) and -1.97 (discharging). According to equation B.3, the D, ;+ ., of
Fe5-TNO is 2.68x107'2 cm?/s (charging) and 1.96x107'? cm?/s (discharging) outperforming that of
TNO at 1.44x10°"3 cm?/s (charging) and 9.8x107'* cm*/s (discharging), consistent in other words
with the results by GITT.

Furthermore, DFT investigations were conducted to determine the energy barriers associated
with Li" diffusion within both pure and Fe-doped TNO. Given that Li" primarily diffuses along
the b-axis channel [8], the barrier was assessed along this particular axis. Since Fe doping alters
the electronic orbital occupation at the conduction band edge and perturbs the crystal lattice
geometry, the DFT+U method, which takes into account orbital-dependent effects, was applied as
it results in self-consistent solutions [47]. These distinct high-energy solutions, representing
metastable states, can differ in total energy by several electron volts per atom, making the
identification of ground state minima particularly challenging [47]. Thus, due to the presence of
these high-energy metastable states in the Fe-doped lattice, the conventional nudged elastic band
(NEB) method might not be able to locate the actual energy minima from the interpolated images.
This becomes particularly acute when an Fe-site can exchange charges with the overall lattice
almost in the manner of a polaron [48-50]. Therefore, to compute the diffusion barrier and assess

the impact of Fe*" doping on the diffusion mechanism of Li* a linear interpolation technique was
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employed in a pure TNO lattice structure with distortions corresponding to that induced by Fe-
doping in Figure 4.3(f). This represents the impact of the lattice distortion itself on the diffusion

process in TNO independent of any possible electronic interactions with the Fe-site.
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Figure 4.5(h) illustrates the pathway for Li" diffusion hopping from one site to another,
revealing two sequential Li" hops along the b-axis, labeled (1)-(3) and (3)-(5) therein. As shown
in Figure 4.5(g) the corresponding diffusion barriers for pure TNO and Fe-doped TNO were
calculated and a decrease in barrier height in Fe-distorted lattice was observed. Specifically, in hop
(1)-(3), Fe** doping reduced the barrier from 0.74 to 0.52 eV, thereby facilitating the diffusion and
hence ionic conductivity of TNO through Fe-doping. These DFT calculations demonstrate the
important role of Fe* doping in adjusting the diffusion barrier of Li" by altering the material lattice
constant favorably. They are not intended to provide absolute numbers for the energy barriers but
rather general trends, which agree with the experimentally measurement trends regarding

improved Li diffusion coefficients with respect to Fe-doping shown in Figure 4.5(a-f).

4.3.5. Redox Mechanism and Electronic Structure

The effect of Fe doping on redox reaction and impedance during lithiation was probed by CV
and EIS measurements of pristine TNO and Fe5-TNO materials and lithiated materials (after CV
cycle). The redox reactions of the TNO anode involve three redox couples, namely Ti*"/Ti**
couple, Nb>*/Nb*" couple, and Nb**/Nb*" couple [51]. According to the magnified CV scan (inset)
shown in Figure 4.6(a), the cathodic reaction current corresponding to the reduction of Ti*" in
undoped TNO emerges at 2.55 V [21]. In contrast, the corresponding cathodic current in the Fe5-
TNO CV appears at 2.72 V likely due to the reduction of Fe** to Fe?*, suggesting the involvement
of Fe** in the redox reactions (as was also mentioned with respect to the Fe impacted Li" hopping
calculations discussed above). The most dominant CV peak, corresponding to the Nb>*/Nb**
couple with a theoretical equilibrium potential of 1.65 V, serves as a basis to evaluate the
overpotential of anodic peak and cathodic peak (AE) [8]. Thus, according to the CV scans in
Figure 4.6(a) Fe doping can be seen to reduce the overpotential during lithiation/delithiation, i.e.
to have a depolarizing effect. The Fe5-TNO pristine electrode (Figure 4.6(a)) has a smaller
overpotential (AE=0.31 V) than the TNO electrode (AE=0.46 V) during initial lithiation. A similar
trend is observed with the EIS data in Figure 4.6(b), where the Fe5-TNO pristine electrode
demonstrates a smaller impedance of approximately 100 ohm than that of TiNb>O7 pristine at 350
ohm. After the 1st cycle as shown in Figure 4.6(b), the charge transfer resistance (Rct) of Fe5-
TNO and TiNb2O7 decreases dramatically to ca. 26 ohm and ca. 32 ohm, respectively, due to
lithium residual in the TNO structure [6].
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To investigate the effect of Fe doping on the oxidation states, XPS analysis of pristine TNO,
pristine Fe5-TNO, and lithiated Fe5-TNO samples (discharged to 1 V) was performed. In the high-
resolution XPS spectra of Fe 2p (Figure B.1(a)), three predominant peaks were observed at 709.5
eV, 715.4 eV, and 722.80 eV and assigned to Fe 2ps3, core level, satellite peak, and Fe 2p12 core
level orbitals, respectively reveal the presence of Fe** in the Fe5-TNO sample. Notably, in the
lithiated Fe5-TNO sample, the Fe 2p peaks split into five separate peaks, where besides the existing
peaks for Fe**, two new peaks correspond to Fe** emerged at 711.9 eV (Fe 2ps» peak) and 727.9
eV (Fe 2pi» peak) [52]. This phenomenon could be due to the Fe*" redox reaction during
discharging, with Fe*" likely being partially reduced to Fe*" at the cut-off voltage of 1 V. In the
spectrum of Ti 2p (Figure B.1(b)), the characteristic peaks positioned at 464.38 eV and 458.58 eV
and assigned to Ti 2p1/2 and Ti 2ps» peaks respectively, reflect the Ti**-O bonding in the TiNb,O7
sample [53]. In contrast, in Fe5-TNO, the peak positions corresponding to Ti 2p12 and Ti 2p3»
peaks slightly shift towards lower binding energies to 464.25 eV and 458.45 eV, respectively, very
likely related to Fe®" substitution. After discharging to 1 V, Ti*" is reduced to Ti*", as confirmed
in the Ti 2p spectra of the lithiated Fe5-TNO sample (Figure B.1(b)) where the Ti 2p1/2 and Ti 2p3.»
peaks moved to 464.00 eV and 458.10 eV, respectively. For Nb 3d spectra (Figure B.1(c)), no
obvious peak position shift is observed in Fe5-TNO compared to TNO. The predominant Nb 3d3/
and Nb 3ds; peaks (Figure B.1(c)) related to pentavalent Nb involved in Nb-O bonding [54,55]
appear in TNO spectrum at 209.70 eV and 207.02 eV as well as in the Fe5-TNO spectrum at 209.76
eV and 207.05 eV. After lithiation, the Nb 3d32 and Nb 3ds); peaks shifted to 209.5 eV and 206.75
eV, suggesting Nb>" is reduced to Nb*" and Nb** [56]. In the O 1s spectra (Figure B.1(d)), the
characteristic peak originating from metal-oxygen bonds appears at 530.01 eV in the case of Ti*'-
O [54,55] and Nb>*-O [41] in TNO and at 530.15 eV in the case of Fe5-TNO respectively.

REELS was performed to experimentally determine the band gap (Eg) of TNO and Fe5-TNO
(Figure 4.6(c) and Figure B.3). Figure B.3 exhibits the original REELS spectra of TNO and Fe5-
TNO based on applied kinetic energy and response count intensity. The main peaks originate from
elastically scattered electrons and correspond to excitation energy and are equivalent to the energy
level of the valence band maximum energy (Evsm) [57]. The corresponding peaks for TNO and
Fe5-TNO are positioned at 1002.10 eV (£0.05 eV) and 1002.20 eV (£0.05 eV), respectively, which
are applied to normalize the energy loss of the REELS spectrum. As shown in Figure B.4, this

onset of energy loss is used for calculating the energy level of the conduction band minimum
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(Ecem) [58]. For the TiNb2O7 sample, the onset of energy loss of TiNb,Oy is situated at 998.35 eV
(£0.05 eV), while that of Fe5-TNO displays a visible shift to 998.80 eV (+0.05 eV). Then, Eg can
be measured as the intercept of the linear extrapolation of the leading edge to the background level
(Figure 4.4(c)) [57]. Accordingly, the E; values for TNO and Fe5-TNO from REELS are
determined to be 3.75 eV and 3.40 eV, respectively. The reduction of E; in Fe5-TNO can be

attributed to Fe** substitutional doping.
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Figure 4.6 (a) CV of the pristine electrode of TNO and Fe5-TNO, (b) EIS of the pristine electrode
and cycled electrode of TNO and Fe5-TNO. (c) Reflection electron energy loss spectroscopy
(REELS) of TNO and Fe5-TNO electrodes. Density of states (DOS) of (d) TNO, (e, f) Fe5-TNO,
(g) lithiated TNO, and (h, 1) lithiated Fe5-TNO.
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DFT calculations were performed to further investigate the changes in the electronic structure
as a result of Fe’" doping into TNO. To this end the projected density of states (PDOS) of pure
TNO and Fe-doped TNO was calculated. For full details of the computational methods, see Section
2.4. The DOS of pure TNO as shown in Figure 4.6(d) depicts the E; of ~ 3.42 eV characteristic
of a wide gap semiconductor. In contrast, Fe** doping introduces empty energy levels in the energy
gap which decreases the Eg to 2.81 eV (Figure 4.6(e)). This decrease in the E; may lead to an
increase in the electronic conductivity of the TNO anode. For an in-depth insight into the empty
energy levels, the charge density plots were plotted, as shown in Figure 4.6(f). These plots indicate
the Fe-induced 3d orbitals localized below the conduction band as enlarged in Figure 4.6(f). The
presence of these unoccupied localized energy states below the conduction band further indicates
the possibility of facilitating the redox reaction, where Fe" is likely to be reduced first, followed

by Ti*"/Nb>* reduction.

To gain insights into electronic structural changes during the lithiation process (adding one
Li atom per supercell), we also analyzed DOS plots of lithiated pure and Fe-TNO. The results
indicate that lithiation shifts the conduction band towards the Fermi level. This is because the
addition of the Li atom introduces 1 extra electron in the system which reduces 3d-orbitals of Ti*"
or 4d orbitals of Nb>". However, with Fe doping, this Li electron will likely first reduce Fe** dopant
to Fe?*. In addition, it was found that in both pure TNO (Figure 4.6(h)) and Fe-doped TNO (Figure
4.6(i)), lithiation also narrows down the bandgap indicating a likely contribution to increased
electronic conductivity since the charge state of the anode is unlikely to be ever fully delithiated
[21].

4.3.6. Structural Stability and Long Cycling Performance

The long cycling performance under extremely fast charging-discharging (5 C) and the
corresponding capacity fade mechanism were determined via galvanostatic cycling,
electrochemical impedance spectroscopy (EIS), and cyclic voltammetry (CV). As shown in Figure
4.7(a), Fe5-TNO offers a high initial capacity of 200 mAh/g and outstanding cycling stability at 5
C high rate, providing 93 % retention after 500 cycles and 85 % retention after 1000 cycles. By
contrast, the TNO anode offers unstable cycling after 200 cycles with its capacity retention

dropping to a dismal approximately 30 % after 1000 cycles.
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Figure 4.7 (a) Galvanostatic cycling of Fe5-TNO and TNO for 1000 cycles at 5 C. CV of TNO
and Fe5-TNO electrodes: (b) after 1st galvanostatic cycle at 5 C and (c) after 1000 galvanostatic
cycles at 5 C. EIS of TNO and Fe5-TNO electrodes: (d) after 1st galvanostatic cycle at 5 C and (e)
after 1000 galvanostatic cycles at 5 C. Local distortion of (f) Ti-O bond lengths in pure TNO and
(g) Fe-O bond lengths in Fe5-TNO. (h) Ti-O bond lengths in lithiated phase of pure TNO and (1)
Fe-O bond lengths in lithiated phase of Fe TNO.

After the 1st galvanostatic cycle, both Fe5-TNO and TiNb,O7 electrodes manifest small
overpotential (AE) of 0.14 V and 0.15 V, respectively, as shown in Figure 4.7(b). After 1000 cycles
(Figure 4.7(c)), the Fe5-TNO electrode maintains a small AE of 0.15 V, but the TiNb,O7 electrode
exhibits a substantial polarization of 0.45 V. The corresponding EIS analysis of electrodes cycled
after 1% cycle and 1000 cycles is presented in Figure 4.7(d, e). After the 1% cycle (Figure 4.7(d)),
the charge transfer resistance (Rcr) of Fe5-TNO and TiNb,O7 was determined to be ca. 30 ohm

and ca. 35 ohm, respectively. After 1000 cycles (Figure 4.7(e), Fe5-TNO registers a much-reduced
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impedance of 12 ohm and stable long cycling, while the TNO electrode has maintained an even
increasing resistance of 40 ohm while suffering severe capacity fade (Figure 4.7(a)). It is
noteworthy that the Nyquist pattern of Fe5-TNO shows two semicircles probably attributed to
formation of a solid electrolyte interphase (SEI) layer during cycling, that may be contributing also
to stabilized long cycling. Based on the analysis above, Fe substitutional doping proves effective
in promoting long cycling performance by reducing the impedance and overpotential of the
lithiation-delithiation reaction but also via local structural changes revealed by DFT analysis.
Notably, as depicted in Figure 4.7(f, g), before any lithiation, Fe doping reduces local bond
lengths, i.e. Fe-O bonds are shorter than Ti-O bond lengths [21] and the same trend was observed
in lithiated TNO and Fe-TNO structures (Figure 4.7(h, i)). However, a more detailed
computational analysis (left for future work) is needed to fully verify the correspondence between
local dopant-induced distortions and these improved properties.
4.4. Conclusion

In summary, we developed nanostructured Fe*'-doped TNO monocrystalline materials
(FexTi1.xNb2O7.x2) through a scalable water-based synthesis method. Furthermore, we have
revealed the likely modification mechanism of iron substitution for stabilized long cycling
electrochemical performance experimentally and theoretically. Fe** substitution of Ti** in TNO
nanomaterials reduces the band gap from 3.75 eV of pure TNO to 3.40 eV of Fe5-TNO (5% Fe
substitution), thereby increasing the conductivity of TNO materials and reducing the impedance
of LIB electrodes. Moreover, Fe** dopants crystallographically extend the ac-plane and decrease
the b-value, suggesting a widening diffusion channel and shortening pathway along the b-axis.
Consequently, this Fe**-doped TNO demonstrates a higher Li diffusion coefficient as determined
by GITT and a smaller Li diffusion energy barrier along the transport channel. As a result, Fe5-
TNO provides remarkable extreme-fast-charging capability (220 mAh/g after 100 cycles under 10
C/1C situation) and superior cycling stability (85% capacity retention after 1000 cycles at 5 C).
The findings of this work point the way towards further experimental and computational analyses
by which high-capacity doped anodes may realize the long sought after fast-charging capabilities
for next-generation LIBs. This includes more systematic future studies towards understanding how
both the atomic and electronic structure contributions of dopants, across the periodic table, can be

employed to improve charging rates.
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5. Ultra-fast-charging and Long-cycling Titanium Niobate/Reduced Graphene

Oxide Anode via Electrophoretic Interfacial Engineering
Bridge: Chapter 4 reports an ultra-fast charging anode with long-term cycling stability
enabled by Fe substitution in single-crystal TNO nanomaterials. The optimal Fe*"-doped TNO
monocrystalline material (Feo.0sTio.0sNb2Oe975) provides remarkable charge capacity of 238
mAh/g under 10 C (6 min charging time only) extreme fast-charging protocol (coupled with 1 C
discharge), and high capacity of 200 mAh/g at 5 C and high cycling retention of 85 % after 1000
cycles. However, interphase issues such as the non-homogeneous electrode contacts and unstable
electrode/electrolyte interphase, which affect electrochemical kinetics, electrode structural
stability, and volume variations, cause significant performance loss during extended cycling under
fast charging conditions. To address these challenges, this chapter addresses the third objective of
thesis, i.e., to develop advanced electrode engineering by using electrophoretically depositing
single-crystal TiNb>O7/graphene composite anode towards its practical application as ultrafast-
charging lithtum-ion battery anodes. Specifically, we have developed an advanced electrophoretic
interfacial control technique to assemble carbon-coated Fe-doped TNO nanomaterial (C-FeTNO)
and reduced graphene oxide (rGO) on a nanoscale, constructing a sandwich-like hybrid electrode
that act as a binder-free, all-active-material electrode. Consequently, a high initial capacity of 212
mAh/g and excellent cycling retention of 70 % after 5000 cycles at 5 C were achieved. These
insights pave the way towards the practical application of ultrafast-charging materials for next-
generation LIBs.
This chapter is a reproduction of the manuscript that has been submitted to the Journal of
Materials Chemistry A, with following citation:
¢ Fan Yu, Yihan Wang, Nicolas Brodusch, Bobby Miglani, Jinhyuk Lee, Raynald Gauvin,
George P. Demopoulos, Ultra-fast-charging and Long-cycling Titanium Niobate/Reduced
Graphene Oxide Anode via Electrophoretic Interfacial Engineering.
Abstract
Titanium niobate (TiNb2O7;, TNO) materials are emerging as high-performing anode
candidates for fast charging Li-ion batteries. However, the non-homogeneous interphasial
electrode microstructure, which directly affects electrochemical kinetics, electrode structural
stability, and volume variation, result in significant performance loss upon extended cycling under

fast charging. To address these issues, we have engineered a carbon-coated single-crystal Fe-doped
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TNO (C-FeTNO)/reduced graphene oxide (rGO) anode with ultra-fast (10 C) and over 5,000
cycles capability. This is achieved via electrophoretic deposition (EPD) controlled at nanoscale
with graphene oxide acting as binder and conductive component upon reducing annealing. The
designed electrode exhibits dramatic reduction in charge transfer impedance from 183 ohm to 75
ohm and boosting of Li ion diffusion coefficient by one order of magnitude from 1072 to 10!
cm?/s. Consequently, the EPD nanoengineered TNO/rGO hybrid anode demonstrates outstanding
performance, namely capacities of 252, 246, 236, and 210 mAh/g at 0.5 C, 1 C, 2 C, and 5 C,
respectively. But more remarkably, it is shown to have exceptional cycling stability of 70 %
retention after 5000 cycles at 5 C. This remarkable electrochemical performance can be attributed
to the EPD-enabled nanoscale interphasial contacting (between C-coated Fe-TNO and rGO) and
the homogeneous microstructure endowing the electrode with a highly conducting stable charge
percolation network.

5.1. Introduction

Electric vehicles (EVs) require ultrafast-charging lithium-ion batteries (LIBs) with high
capacity and long cycle life[1-3]. For such applications, extreme fast charging (XFC) LIBs have
been identified as those reaching 80% state of charge in less than 15 minutes (> 4 C fast charging)
while maintaining high capacity retention after a decade of usage[1]. However, traditional anode
materials, i.e., graphite with low working potential (ca., 0.1 V (vs. Li/Li")), are not suitable for
such application as due to developed polarization under extremely fast changing, lithium plating
is triggered leading to short circuiting, and battery failure[4]. Meanwhile, commercial LisTisO12
anode provides superior fast-charging capacity, safe working voltage, and long cycling
characteristic, but it suffers from low theoretical capacity (only 175 mAh/g)[5]. Therefore, it is
urgent to explore the next-generation fast-charging anode materials.

Titanium niobate (TiNb2O7, TNO) materials emerge as a promising candidate, offering fast
ionic diffusion kinetics, high theoretical capacity, and safe working potential[6-8]. However, its
application suffers from significant capacity fade after long cycling under fast-charging conditions
due to poor electronic conductivity, crystal structure change, and unwanted insulating layer
formation[6,8]. To address this issue, both the bulk material structure and the interphase need to
be improved: the former can be modified by crystal control during nanomaterial synthesis, element
doping, etc.[6,9,10]; and the latter can be improved by constructing conductive percolation

networks via advanced electrode/interphase engineering[10-13]. While only few studies have
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explored this direction, the synergy between these strategies opens a promising path toward
designing ultra-fast charging and long-cycling TNO anodes[6]. Towards this goal, rationally built
three-dimensional fast-ionic/electronic networks consisting of cation-doped TNO single crystals
and graphene are considered a potentially rewarding strategy in this context[14,15]. This novel
electrode design approach leverages the multifunctionality of graphene, including excellent
electronic conductivity, mechanical/thermal stability, Li-storage capability, and binding properties,
which can enhance kinetics, suppress volume variation, and prevent electrolyte
decomposition[9,16]. However, traditional electrode engineering and interphase control
approaches encounter several obstacles in fabricating such 3D graphene/TNO electrodes with
well-defined interphases. Conventional battery electrode manufacturing involves tape casting (or
blade coating) a suspension made of organic solvent, carbon, binder, and active material, followed
by drying in oxygen-exposed conditions. This process often leads to the oxidation of graphene,
transforming the highly-conductive graphene material into a low-conductivity phase[17].
Additionally, nonhomogeneous coating processes lead to significant aggregation of nanomaterials
and non-uniform electrode-electrolyte interphase formation, which causes severe polarization and
subsequent battery degradation[13,14]. Also, non-active components including conductive carbon
and binder limit the available capacity and volumetric electrode energy density[18]. Moreover, the
use of toxic solvents like NMP (N-Methyl Pyrrolidone) raises safety and environmental
concerns[13]. Thus, an alternative electrode engineering process that can achieve uniform
electrode interphasial microstructure for high performance via environmentally friendly means
becomes of great urgency.

Electrophoretic deposition (EPD) technology, as an advanced electrode engineering and
interphase control technique, is known for its superior uniformity, low cost, equipment simplicity,
and high scalability[19-21]. Recent studies have shown that the EPD approach outperforms the
conventional tape casting method in constructing TNO/reduced graphene oxide (rGO) composite
electrodes with high capacity and well-uniform interface[22,23]. For example, Uceda et al.[13]
electrophoretically co-deposited micron-sized TNO particles and rGO to engineer binder-free all-
active-materials LIB electrode with highly homogeneous percolation network but its cycling
retention and rate performance were not satisfactory because the TNO material used obtained via
solid-state calcination and milling it was coarse and full of defects. In addition, the precise control

of electrode composition, and mass loading is still difficult to be realized. Therefore, developing
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high-performance TNO/rGO composite materials via EPD constitutes a yet unexplored but highly
promising advanced electrode engineering avenue.

Herein, we describe the EPD-enabled design of carbon-coated Fe-doped single-crystal TNO
nanomaterial/rGO advanced electrode structure with unparalleled ultra-fast charging and long-
cycling performance. Thanks to the nanoscale assembling property of EPD the fabricated
electrodes are characterized by excellent composition homogeneity boasting significantly reduced
impedance and very high Li-ion diffusivity network. At the electrode level, this EPD anode offers
remarkable rate performance, showing capacities of 252, 246, 236, and 210 mAh/g at 0.5 C, 1 C,
2 C, and 5 C, respectively, and demonstrates excellent cycling retention of 70% after 5000 cycles
at5 C.

5.2.Experimental Section
5.2.1. Synthesis of nanostructured Fe-doped TNO (FeTNO)

The single-crystal Fe-substituted TNO nanomaterial (Feo.05sTi0.9sNb20O¢.975, FeTNO) was
synthesized using a universal and scalable approach featuring co-precipitation and high-
temperature calcination (Scheme S1(a)), as described in previously[10,15]. Three feedstock
aqueous colloidal solutions were prepared via temperature-controlled partial hydrolysis (under 10
°C) of ferric chloride hexahydrate (FeCl3-6H>O, 99%, Sigma-Aldrich, USA), titanium
tetrachloride (TiCls, 99.0%, Sigma-Aldrich, USA), and niobium pentachloride (NbCls, 99%,
Thermo Fisher Scientific, USA). By mixing these three feedstock solutions, the composite Fe-Ti-
Nb-Cl solution was prepared containing 0.000125 mol/L Fe(III), 0.02375 mol/L Ti(IV), and 0.05
mol/L Nb(V). The latter solution was neutralized by dropwise adding ammonium hydroxide
(99.9% NH4OH, 29% NHj3 basis, Sigma-Aldrich, USA) inducing hydrolytic co-precipitation of a
nanosized FeTNO intermediate. After washing and drying, the FeTNO precursor was crystallized
at 900 °C for 4 hours in a continuous flow of oxygen gas with a heating ramping rate of 5 °C/min
in a tube furnace oven (OTF-1200X-S50-2F Mini CVD tube furnace, MTI Corporation, USA).

5.2.2. Carbon coating of FeTNO (for C-FeTNO)

Carbon coating of FeTNO was conducted by the high-temperature decomposition of lactose
carbon precursor (Scheme S1(a)), as reported in our previous research[13]. The 1 g FeTNO
material was mixed with 5 mL lactose aqueous solution (22.4 g/L lactose), followed by drying at
120 °C in an oven. The carbon-coated FeTNO material (C-FeTNO) was obtained by annealing at

700 °C for 400 minutes in the tube furnace oven under pure argon atmosphere.
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5.2.3. Electrophoretic deposition of C-FeTNO/rGO electrode
As shown in Scheme S1(b), the electrode was engineered by electrophoretically co-
depositing C-FeTNO and GO on Al foil immersed in an isopropanol suspension. After deposition,
the EPD prepared electrode was subjected in thermal treatment in the presence of Hz so GO is
reduced and the C-FeTNO/rGO anode is constructed. The optimal parameters of the process have
been investigated as discussed below.
5.2.3.1.  Suspension preparation
The optimal EPD suspension contains 66.7 mL of pure isopropanol solvent, 184 mg of C-
FeTNO, 16 mg of graphene oxide (GO, Sigma-Aldrich, powder, 15-20 sheets), and 66 ppm of
lithium acetate (LiOAc, Sigma-Aldrich, 99 %) added as charging agent. This suspension make up
corresponds to 3 g/L solid loading and mass ratio of 92/8 of C-FeTNO/GO between C-FeTNO and
GO. In establishing the above suspension formulation different solvents were tested with and w/o
prior C-coating or with or w/o charging additives. The different solvents tested are described in
the section C.2. of the Supporting Information for Chapter 5 (in Chapter 8. APPENDIXES). The
stability of suspensions was determined by settling tests (Figure C.1) and Zeta potential
measurements. In the suspension stability tests, 15 mg solid particles (either GO or C-FeTNO)
were added to 5 mL of different organic solvents, followed by sonication. These mixtures were
then left to rest for 48 hours for visual inspection after 48 hours of resting.
5.2.3.2. EPD process for C-FeTNO/GO film
An EPD electrolytic cell with a 15 um Al foil working electrode and a stainless steel counter
electrode was set up with electrode spacing of 7.5 mm and a deposition area of 4 to 6 cm?.
Deposition occurred at the anode. EPD cell was operated at different constant voltages (50 V, 100
V, and 200 V) supplied by a SourceMeter (Keithley 2611A) instrument.
5.2.3.3. Reduction for C-FeTNO/rGO EPD electrode
The GO in C-FeTNO/GO films was reduced by annealing at 600 °C for 300 minutes in a 5
vol.% Ha/Ar gas mixture to obtain the target C-FeTNO/rGO electrode composition.
5.2.4. Conventional electrode via tape casting
The reduction of GO samples was processed with the same procedure (as shown in 2.3.3) to
obtain rGO. This rGO sample was applied to fabricate conventional electrodes.
In conventional electrode fabrication, a binder plus conductive carbon are used. Specifically,

the active material, the conductive component (carbon black (CB)), and the polyvinylidene
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fluoride (PVDF) binder were mixed at a weight ratio of 8:1:1, and then added into N-Methyl-2-
pyrrolidone (NMP) solvent. After milling, this slurry was cast on the Al foil using a doctor blade
before drying overnight.

To investigate the effects of different components, three electrodes were fabricated by the
tape casting approach. The conventional FeTNO/CB/PVDF celectrode consisted of FeTNO
material (active material), carbon black (conductive carbon), and PVDF binder, named the FeTNO
electrode. To understand the carbon coating effect, C-FeTNO, carbon black, and PVDF binder
were casted to fabricate the C-FeTNO/CB/PVDF electrode (namely, C-FeTNO electrode). Finally,
the C-FeTNO/rGO/PVDF electrode was prepared by using C-FeTNO as active material, rGO as
conductive agent, and PVDF as binder. The component ratio was 8:1:1 on wt. basis for all the
formulations.

5.2.5. Material characterization

The elemental composition of Fe, Ti, and Nb in FeTNO samples and their concentrations in
solutions were determined via inductively coupled plasma optical emission spectrometry (ICP-
OES, Thermo scientific, iCAP 6700 Series). The crystal structures were determined by using a
Bruker D8 Discovery X-ray diffractometer (VANTEC Detector Cu-Source) and analysed via
TOPAS (Bruker) V5 software. Attenuated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy was carried out using FTIR infrared spectrometer Vertex 70 from Bruker. Raman
microscopy was performed using a Thermo Scientific DXR2 Raman microscope, equipped with
DXR 532 nm wavelength laser. The morphology and elemental distribution of materials was
determined using a Hitachi SU-8000 Cold Field-Emission scanning electron microscope (SEM)
equipped with in-lens upper secondary electron detector and energy-dispersive X-ray spectroscopy
(EDS) detector (XMax 80 mm? Oxford Instruments). Cross-sectional SEM image and EDS
mapping for electrode film were performed with the Hitachi SU-9000 cold field-emission
SEM/STEM instrument equipped with in-lens SE/BSE detectors with energy filtration (Upper and
Top detectors) and Oxford Instrument windowless Extreme 100 mm? SDD detector. This setup is
capable of achieving a resolution of 0.16 nm at 30 keV in BF mode and 0.4 nm in SE mode.
Transmission electron microscopy (TEM), high-resolution transmission electron microscopy
(HRTEM), scanning transmission electron microscopy (STEM), selected area electron diffraction
(SAED), and Fast Fourier Transform (FFT) imaging were performed on Thermo Scientific Talos

F200X G2 TEM/STEM instrument operated at 200 kV. Zeta potential, electrophoretic mobility,
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and suspension conductivity were measured using a Malvern Zetasizer Ultra (Malvern
Instruments).
5.2.6. Electrochemical characterization
Both EPD electrodes and conventional electrodes were assembled in half-cell batteries for
electrochemical testing. Each coin cell consists of the electrode sheet, a lithium metal, a separator
film (PP/PE/PP, Celgard 2325), and 200 uL of 1M LiPFs in EC:DMC:DEC as electrolyte.
Battery charge-discharge cycling measurement and galvanostatic intermittent titration
technique (GITT) analysis were carried out using a standard battery cycler (BT2043-10V-100 mA-
40, Arbin) under different C rates (1 C= 387.6 mAh/g) and voltage range between 3.0 V and 1.0
V. Cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) measurements
were performed using a BioLogic VSP electrochemical workstation and analyzed by EC-Lab
software.
5.3.Results and Discussions
5.3.1. Advanced TNO/graphene Anode Design
This research introduces a novel design concept of advanced TNO/graphene composite
electrode enabled by electrophoretic deposition. This novel electrode is made of single-crystal Fe-
substitution TNO crystals (Feo.0sTio.9sNb2Oe975, optimal sample discussed in Chapter 4),
following carbon coating and graphene oxide acting as binder and conductive component

following reductive annealing with hydrogen.
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Figure 5.1 Schematic illustration of the design of advanced C-FeTNO/rGO electrode and its
comparison to conventional electrode.
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As shown in the graphical representation in Figure 5.1(a), this advanced C-FeTNO/rGO EPD
electrode consists of carbon-coated nanostructured Fe*"-substitution TNO materials (C-FeTNO)
and reduced graphene oxide (rGO), forming a binder-free all-active-material electrode. The
advanced EPD electrode (Figure 5.1(a)) is characterized by homogeneous distribution of the C-
FeTNO nanomaterial component and the rGO multifunctional component. By contrast, the
conventional LIB electrode (Figure 5.1(b)) featuring Fe-TNO active material, carbon black
(conductive agent), and PVDF binder, assembled with assistance of organic solvent (e.g., N-
Methyl-2-Pyrrolidone (NMP)) and deposited by doctor blading suffers from severe aggregation
and poor electrical percolating network. In both cases Al is used as the electron collector substrate.

5.3.2. Electrode Engineering by EPD

To engineer the designed advanced electrode, we electrophoretically co-deposit GO and C-
FeTNO from their suspension in isopropanol solvent employing LiOAc as charging additive.
Figure 5.2(a) provides a schematic of the EPD cell.

5.3.2.1.  Suspension Formulation

(1) Selection of Organic Solvents: Factors such as suspension stability, electrophoretic
mobility, practical deposition rate, environmental friendliness, and potential health hazards need
to be considered when selecting an optimal solvent. Given that C-FeTNO and GO are the main
components, three benign organic solvents were short-listed as potential candidates, namely
ethylene glycol, isopropanol, and ethanol , after suspension media screening (detailed in C.2
section). In stability testing, GO suspensions made with these solvents are highly stable (Figure
C.1(a)), which arises from van der Waals interactions and hydrogen bonding between the oxygen-
containing functional groups on GO and the organic molecules[24]. For C-FeTNO suspensions,
the order of suspension stability (Figure C.1(b)) correlates strongly with solvent viscosity (Table
S2): ethylene glycol (16.265 cP), isopropanol (2.044 cP), and ethanol (1.089 cP)[25-27]. Although
ethylene glycol yielded the most stable suspension, it was observed the C-FeTNO particles to have
limited electrophoretic mobility (-0.215 pm-cm/Vs, shown in Table C.3) resulting in poor deposit
formation. In contrast, the suspensions based on isopropanol and ethanol found to exhibit good
electrophoretic mobilities (-0.215 um-cm/Vs and -0.480 pum-cm/Vs) and deposition rates. In
particular, the isopropanol-based suspensions exhibited higher stability and more uniform
deposition (Figure C.3) compared with ethanol-based suspensions. Therefore, isopropanol is

deemed to be the optimal solvent for both C-FeTNO and GO.
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(2) Zeta Potential Measurements: Mean Zeta potentials of isopropanol suspensions with C-
FeTNO and GO (Figure 2(b)) were determined to be -43 mV and -53 mV, respectively, indicating
the presence of negative charge carriers on the surface of C-FeTNO and GO solids. It is noteworthy
that isopropanol-based suspension with C-FeTNO shows a higher absolute value of mean Zeta
potential than ethanol-based suspension (with -35 mV) and ethylene glycol-based suspension (with
-6 mV) as shown in Figure C.2, further confirming that isopropanol is the preferred solvent.

(3) Effect of charging agent: Lithium acetate (LiOAc) was added as a charging agent into
the suspension to adjust the mean Zeta potential and stabilize the suspension, thereby improving
the uniformity of the EPD coating film[28]. Different concentrations of LiOAc were tested: three
suspensions with 0 ppm, 66 ppm, 660 ppm of LiOAc demonstrated Zeta potentials of -45 mV, -71
mV, and -95 mV, respectively (Figure 2(b)). The Zeta potential results are consistent with EPD
deposition rates and deposition film qualities (Figure C.3(d)), making 66 ppm of LiOAc the
optimal concentration. The observed negative value of Zeta potential caused by the addition of
LiOAc can be attributed to the negative charge of acetate anions dominating the diffuse layer
enwrapping the surface of C-FeTNO and GO.

5.3.2.2.  Electrophoretic Deposition Parameters

EPD parameters including applied electric field and suspension composition are controlled to
optimize the deposit quality in terms of rate of deposition and composition and mass loading.
Given that the charging additive changed the zeta potential from positive to negative, the electrode
deposit forms on the anode and not the cathode. In other words, during EPD, the applied electric
field transports negatively charged particles to the anode.

(1) Applied electric field: During EPD, constant voltages of 50 V, 100 V, and 200 V were
tested, all of which generate high-quality deposition film. A low voltage of 50 V was chosen to
avoid the oxidation of Al foil substrate and safety concerns under high voltages, even though 100
V and 200 V were found to have higher deposition rates and efficiencies.

(2) Coating Composition Control: The composition ratio of C-FeTNO to GO in an EPD
electrode can be adjusted by changing the suspension composition. This is shown in Figure 5.2(d).
The composition was determined via TGA measurements. For subsequent electrode performance
evaluation, the C-FeTNO/rGO electrode with composition 86.5 wt.% FeTNO, 1.4 wt.% carbon
coating, and 12.1 wt,% rGO, or 87.9 wt.% C-FeTNO and 12.1 wt.% rGO was selected.
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(3) Coating Mass Loading Control: EPD allows for precise control over the mass loading
on a substrate. By increasing deposition time by 1 minute per stage, mass loading can be adjusted

from 0.25 up to 3.0 mg/cm? within 6 min (Figure 5.2(d)).
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Figure 5.2 (a) Schematic illustration of EPD cell, (b) Zeta potential of C-FeTNO (2.76 g/L), GO
(0.24 g/L), C-FeTNO (2.76 g/L)/GO (0.24 g/L) suspensions in isopropanol, (¢) C-FeTNO/GO-
isopropanol suspension with different concentrations of LiOAc additive (0 ppm, 66 ppm, and 660
ppm). (d) Composition of C-FeTNO/rGO EPD electrodes with varying suspension compositions.
(e) Weight ratio of components determined by TGA. (f) Mass loading of electrode with increasing
EPD deposition time. (g) XRD patterns, (h) Raman spectra, and (i) FT-IR spectra of FeTNO
material, C-FeTNO material, C-FeTNO/rGO EPD electrode, and rGO material.
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5.3.3. Physical Properties of Materials and Electrode

Crystallographic properties of FeTNO, C-FeTNO, C-FeTNO/rGO EPD electrode, and rGO
were investigated by XRD analysis (Figure 5.2(g)). The phase patterns of FeTNO material, C-
FeTNO material, and C-FeTNO/rGO EPD electrode can be indexed to the TiNb2O7 phase with a
monoclinic C2/m space group (PDF#01-070-2009). Two predominant diffraction peaks of these
three samples are positioned at 23.91° and 25.99° corresponding to (110) and (003) lattice planes.
The peak intensity ratio of (110)/(003) for the C-FeTNO/rGO EPD electrode differs from that of
FeTNO and C-FeTNO materials, which can be attributed to the influence of XRD peaks associated
with the (002) plane of rGO[29].

Raman spectroscopy was carried out to determine spectral features of carbon (GO, rGO, and
surface carbon) and FeTNO samples. As shown in Figure 5.2(h), two prominent peaks, D band
and G band, are positioned at ~1320-1350 cm ™! and ~1570-1605 cm ™!, which can be attributed to
the vibrations of disordered carbon and ordered graphitic carbon, respectively[30,31]. The peak
intensity ratio of the D band to G band (Ip/Ig) of the rGO sample (Ip/Ig=0.94) and the C-
FeTNO/rGO EPD electrode (In/Ic=0.94) is higher than that of GO (Ip/Ic=0.33), suggesting that
GO is successfully reduced to rGO[32,33]. The increase of D band signal is likely due to more
local defects and disorders, formed due to the deoxygenation of GO[33]. By contrast, C-
FeTNO/rGO PVDF electrode sample illustrates a lower Ip/Ig value (In/Ig=0.84), as some of the
graphene layers in the GO sample are re-oxidized by oxygen-containing groups during tape
casting approach[17]. This comparative Raman analysis in Figure 5.2(h) suggests the EPD method
is more effective than traditional tape casting (PVDF method) at preventing the oxidation of
graphene. Meanwhile, the peaks of D band and G band that emerge in C-FeTNO sample
(In/Ig=1.01) can be ascribed to the surface carbon coated on the FeTNO particles[11,34]. For the
C-FeTNO and C-FeTNO/rGO EPD electrode, the peaks observed at <1200 cm™! align closely with
those of TiNb,O7 samples reported previously[35-37]. Specifically, the two peaks at 988 cm™! and
880 cm™ originate from the vibrations of the edge and corner-shared NbOs octahedra,
respectively[35,36]. The peaks at 635 cm™ and 540 cm™! are indicative of the vibrations of the
edge- and corner-shared TiOs octahedra, respectively. Additionally, the peaks at 263 cm™ and 163
cm™! are associated with vibrations of complex models that include the antisymmetric and

symmetric bending vibrations of O-Nb-O and O-Ti-O[38].
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FT-IR spectra (Figure 5.2(i)) were obtained to further confirm the bonding environment of
the C-TNO/rGO composite anode. The bands at approximate 500 cm™ and 930 cm™! arise from the
stretching vibrations of the Nb-O-Nb bridging bonds and Nb-O bonds, respectively[39]. The
absorption peak at 650 cm™ is attributed to the stretching vibration of Ti-O-Ti bonds[40]. The peak
at 2360 cm™! is associated with CO; in air[12]. Additionally, the FT-IR spectra revealed the nature
of the functional groups in GO and C-FeTNO/rGO EPD electrodes. The absorption peaks at 1740
cm™, 1580 cm™!, 1370 cm™, and 1220 cm! are attributed to C=0 stretching, C=C stretching, C—
O-H bending, and C-O stretching, respectively[41]. The peak signals corresponding to these
functional groups were decreased in inensity, which likely suggests the successful reduction of GO
to rGO[41]. Overall, both Raman and FT-IR spectra consistently confirm that GO is successfully
converted to rGO by the Ho-reductive annealing process, while the properties of FeTNO and C-
FeTNO remain unchanged.

5.3.4. Morphological structure of C-FeTNO material and C-FeTNO/rGO-EPD
electrode

Figure 5.3 presents the morphological features of C-FeTNO material and C-FeTNO/rGO
EPD electrode. The SEM image (Figure 5.3(a)), TEM image (Figure 5.3(b)), and HADDF image
(Figure 5.3(c)) reveal C-FeTNO to be in the form of nanometric single crystals with size ranging
from 20-100 nm. The single crystal structure of C-FeTNO is verified by the interlayer spacing of
1.04 nm correponding to (001) plane (doo1) of TiNb2O7, as shown in Figure 5.3(d),. Additionally,
the carbon layer coated on C-FeTNO has a thinkness of 1.34 nm. EDS mapping (Figure 5.3(e))
reveals that Fe, Ti, Nb, and O elements are homogeneously distributed within the bulk of C-
FeTNO, while the C element is evenly distributed on the surface of FeTNO.

Furthermore, the microstructure of C-FeTNO/rGO EPD electrode (Figure 5.3(f-j)) has been
investigated. As shown in Figure 5.3(f-h), C-FeTNO particles are successfully assembled into a
three-dimensional rGO composite structure. The corresponding SAED image (Figure 5.3(i))
illustrates the periodic arrangements characteristic of C-FeTNO/rGO composite materials,
aligning with the monocrystalline nature of FeTNO and the few-layer structure of rGO. Uniform
distributions of C, Fe, Ti, Nb, and O elements is demonstrated by the EDS mapping (Figure 5.3(j)).
The obtained C-FeTNO/rGO EPD electrode features nanostructured C-FeTNO homogeneously
embedded between graphene sheets, which realizes the concept design demonstrated in Figure

5.1.
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All elements

Figure 5.3 (a) SEM image, (b) TEM image, (c) HADDF image, (d) HRTEM image of selected
area, and (e) EDX elemental mapping of C-FeTNO material. (f) SEM image, (g) TEM image with
inserted HADDF image, (h) HRTEM image of selected area, (i) SAED pattern, (j) EDX elemental
mapping of C-FeTNO/rGO EPD electrode.

5.3.5. Electrode Homogeneity and Microstructure

The electrode homogeneity and interfacial contact were investigated through cross-sectional
SEM imaging (Figure 5.4(a, ¢, €)) and elemental mapping of C, Ti, Nb, and O (Figure 5.4(b, d,
f)). Figure 5.4(a, b) reveals that C-FeTNO and rGO materials are homogeneously distributed
within the C-FeTNO/rGO EPD electrode, suggesting the formation of a uniform three-dimensional
percolation network, which is instrumental in constructing ultrafast electronic and ionic
conduction pathways. These desirable characteristics of advanced electrodes can be attributed to
the remarkable submicron/nanoscale self-assembly and deposition capability of EPD
technique[ 19]. By contrast, the conventional tape casting method is limited by non-homogeneous
deposition and aggregation of nanomaterials. For example, the C-FeTNO/rGO PVDF electrode
(Figure 5.4(c, d)) and C-FeTNO/CB PVDF electrode (Figure 5.4(e, f)) demonstrate severe
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aggregation of C-FeTNO and conductive carbon (rGO and CB) materials, indicating non-uniform

composition in bulk or interface of the electrode.

1. Aggregated
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Figure 5.4 (a) Cross-sectional SEM image and (b) EDS mapping of C-FeTNO/rGO EPD

electrode. (c) Cross-sectional SEM image and (d) EDS mapping of C-FeTNO/rGO PVDF
electrode. (e) Cross-sectional SEM image and (f) EDS mapping of C-FeTNO electrode.
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5.3.6. Electrochemical performance

The influence of advanced electrode microstructure on interface impedance (Figure 5.5(a))
and redox overpotential (Figure 5.5(b)) was investigated by EIS and CV measurements of the C-
FeTNO/rGO EPD electrode, C-FeTNO/rGO PVDF electrode, C-FeTNO electrode, and FeETNO
electrode, respectively. The EIS circuit model is shown in Figure C.4. As illustrated in Figure
5.5(a), the charge transfer resistance (Rcr) of pristine electrode (without lithiation) for FeTNO
electrode is measured to be 183 ohm. In contrast, the Rcr of C-FeTNO electrode is reduced to 132
ohm, suggesting the surface carbon coating improves the electronic conductivity of the electrode.
Most notably, the C-FeTNO/rGO EPD electrode exhibits the lowest Rcr (only 75 ohm) among all
electrodes tested, which can be attributed to highly-conductive rGO network and homogeneous
electrode interphase enabled by the optimized EPD technique. Conversely, the C-FeTNO/rGO
PVDF electrode has the highest Rcr of 241 ohm. This is likely because part of rGO materials in
electrode has been oxidized back to GO, a low-conductivity phase, during the conventional
electrode procedure, as revealed by the Raman spectra (Figure 5.2(h)). The significant difference
in Rer between C-FeTNO/rGO EPD electrode and C-FeTNO/rGO PVDF electrode highlights the
superiority of EPD electrode fabrication method over conventional PVDF approach in constructing
electrodes with high conductivity and superior interface contact for TNO/graphene composite
electrodes. A similar trend is observed with CV data in Figure 5.5(b); the graphene 3D electrode
network enabled by the EPD technique promotes the depolarizing effect of TNO-based electrode
during lithiation and delithiation. For example, the C-FeTNO/rGO EPD electrode, with cathodic
potential of 1.60 V and anodic potential of 1.70 V (Figure 5.5(b)), has a smaller anodic and
cathodic overpotential than C-FeTNO and FeTNO electrodes, respectively, compared with the
equilibrium potential of 1.65 V for TNO-based electrode[6]. In addition, the Li-ion diffusion
coefficient (Dy ;+ gipp) was calculated by GITT curves and equation C.1[42,43]. The Dy ;+ pp of
the C-FeTNO/rGO EPD electrode is determined to be from 5.5x107'? to 1.5x10°"" cm?/s during
charging (Figure 5.5(d)) and from 2.9x10"2 to 1.1x10!! cm?/s during discharging (Figure 5.5(e)).
These results are an order of magnitude higher than those of the FeTNO electrode, which ranges
from 3.7x107"% t0 9.8x10°'* cm?/s during charging (Figure 5.5(d)) and from 6.1x10"* to 1.1x107!2
cm?/s during discharging (Figure 5.5(e)).

141



(@) ™ ——cs : O e —— (@28 ———
-FeTNO/rGO EPD electrode FeTNO/rGO EPD electrode ——— C-FeTNO/rGO EPD electrode
—o— C-FeTNO/rGO PVDF electrode [~ C-FeTNO clectrode FeTNO electrode
30 o C-FeTNO electrode a7 FINO electrode
yso > FeTNO electrode il 170V ANb*'/Nb**
) f 175V J
7 =24 Nb¥ND* - 20
£ 200 g TiTI Z
e = 1 8
S g g
F 150 £ o4 =
= g s (-
o 0278 mV/s 154
100 4 i
2 NbHND
0] 153V
S e NDS/NDY
160V
0+ T T T T T T -4 T T T T T T T T T 1.0 T T T T T
0 50 100 150 200 250 300 350 L0 12 14 16 18 20 22 24 26 28 3.0 0 5000 10000 15000 20000 25000 30000
Re(Z) (Ohm) Voltage (V) Time (s)
(d)'f' 10, (e)m»m (f) 350
[——C- NO/)
—a— C-FeTNO/rGO EPD electrode —o— C-FeTNO/rGO EPD electrode g-ii;;g/:gg Er,g;l:lcel:t‘:lfle
—o— FeTNO electrode >—FeTNO clectrode 001 o C-FeTNO electrode
W e FeTNO electrode
20250 Josasoa_
10 "' 107" =) . f
. = E
Q 2
2 & z
2 5 g
[ ] g
1 0 W %
v
2
W @
Charging Dischargin 1e=slem e
107" —_— 107 T — T — 'g . 0 - e
L1213 14 15 16 17 18 19 20 L9 18 17 16 LS 14 13 12 11 0 6 12 18 24 30 36 42 48 54 60
Voltage (V) Voltage (V) Cycle number
(g)zs"'m.. S R Sy e R e e S R

R

200

o
S

100

Specific capacity (mAh/g)

o
=
1

212 mAh/g

155 mah/g 7134 mAh/g

195 mAh/g

—— C-FeTNO/rGO EPD electrode
—o— FeTNO electrode

81 % rctention

Current: 5 C (1938 mA/g)
Voltage: 3.0-1.0 V

72 % retention|

T
8
Coulombic efficiency (%)

T
500

1000

T
1500

T T
2000 2500 3000

Cycle number

T T T
3500 4000 4500

Figure 5.5 (a) EIS, (b) CV, (¢) GITT and D ;+ of the C-FeTNO/rGO EPD electrode and the FeTNO
electrode during (d) charging and (e) discharging. (f) Rate performance of C-FeTNO/rGO EPD
electrode, C-FeTNO/rGO PVDF electrode, C-FeTNO electrode, and FeTNO electrode, (g) Long
cycling performance of the C-FeTNO/rGO EPD electrode and the FeTNO electrode.

The lithium storage performance of fabricated electrodes was tested under galvanostatic

cycling in the voltage window from 3 V to 1 V. It is worth noting that all the capacity calculations

are based on the mass of electrode, including both active materials, binder, and conductive agent.

Figure 5.5(f) demonstrates rate performances of the C-FeTNO/rGO EPD electrode, C-
FeTNO/rGO PVDF electrode, C-FeTNO electrode, and FeTNO electrode. The FeTNO electrode

offers capacities of 228, 200, 180, and 156 mAh/g at 0.5 C, 1 C, 2 C, and 5 C, respectively. In

contrast, the C-FeTNO electrode provides 218, 208, 192, and 176 mAh/g at same rates, illustrating
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improved rate performance due to the conductive carbon coating layer. Notably, the C-
FeTNO/rGO EPD electrode displays the best rate performance, demonstrating 252, 246, 236, 210
mAh/g at 0.5 C, 1 C, 2 C, and 5 C, and shows superior recyclability (248 mAh/g) at 0.5 C after
rate testing. In contrast, the C-FeTNO/rGO PVDF electrode (conventional electrode) illustrates
poor rate performance of 220, 201, 140, 32 mAh/g at 0.5 C, 1 C, 2 C, and 5 C, respectively,
demonstrating a severe capacity drop. This battery failure is likely due to severe aggregation of
electrode materials (Figure 5.4(c)) and the oxidation of rGO in the C-FeTNO/rGO PVDF
electrode, aligning with the findings in the EIS results (Figure 5.5(a)).

Accordingly, the optimal EPD electrode was selected to further investigate the battery cycling
stability under the galvanostatic cycling at 5 C. The C-FeTNO/rGO EPD electrode (Figure 5.5(g))
provides high capacities of 212 mAh/g at 1% cycle and 195 mAh/g at 1000 cycle at 5 C and
illustrates high retentions of 81% at 2500™ cycle and 72 % after 5000 cycles, outperforming the
FeTNO electrode (Figure 5.5(g)). This result is consistent with the observations in the EIS
figure(Figure 5.5(a)), CV figure (Figure 5.5(b)), and Dy ;+ gqp results (Figure 5.5(d, e)). The

remarkable electrochemical performance of the advanced C-FeTNO/rGO EPD electrode
demonstrates the advantage of advanced electrode engineering via EPD technique in constructing
uniform interphase and functional electrode. It benefits from synergy strategies of carbon coating

and graphene three-dimensional network, compared with conventional electrode engineering.

5.4.Conclusion

In summary, we developed an advanced EPD-based electrode engineering technique to
fabricate Fe-doped single-crystal TNO nanomaterial (FeTNO)/reduced graphene oxide (rGO)
composite materials for binder-free LIB electrodes. The novel EPD engineered anodes are
characterized by homogeneous electrode microstructure and well-defined interfacial contact
within the FeTNO/rGO 3D network, as evidenced by its morphological and composition analysis.
Additionally, this advanced EPD approach effectively addresses the re-oxidation of rGO and its
severe aggregation typically observed in conventional electrode fabrication. Consequently, C-
FeTNO/rGO EPD electrode provides low impedance of 75 ohm compared with that of C-
FeTNO/rGO PVDF electrode (241 ohm) and FeTNO electrode (183 ohm). The FeTNO/rGO EPD
electrode provides remarkable capacity and rate capability: 252, 246, 236, 210 mAh/g at 0.5 C, 1

C,2C,and 5 C. Additionally, it offers an exceptional long-cycling performance with 81% retention
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(initial capacity of 212 mAh/g) at 2500" cycle and 72 % after 5000 cycles at 5 C, making it a
strong ultrafast-charging and safe LIB anode. The remarkable battery performance can be
attributed to advanced electrode engineering and interphase control endowed from the synergy of
EPD’s nanoscale assembly power, reduced graphene oxide network, carbon coating, and
substitutional doping of TNO nanomaterials. These insights pave the way towards the practical

application of ultrafast-charging materials for next-generation LIBs.
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6. Global Discussion

As detailed in Chapter 1 and Chapter 2, lithium-ion batteries (LIBs) are the technology
behind the electrification of transportation.[1-3] As battery-powered vehicles grow as part of the
transportation sector, they require new, more advanced lithium-ion batteries.[2,4] Some properties
required for the new generation of LIBs are fast charging and long cycle life.[3,5] However,
existing commercial anode materials can hardly meet these requirements.[6] For example,
dominant and cost-effective commercial graphite anode materials with low working potential (ca.,
0.1 V vs. Li/Li") suffer from Li dendrite formation and safety issues, primarily due to overpotential
when operating under extremely fast charging.[1,7] Another commercialized anode material,
spinel lithium titanate (Li4TisO12) offers superior fast-charging capability, safe working potential
(ca., 1.5 V vs. Li/Li"), and excellent cycling stability.[6,8] However, LisTisO12 possesses a low
theoretical capacity (175 mAh/g) that is only half that of the aforementioned commercial graphite
anode (372 mAh/g), limiting its further application in EVs.[8,9] Next-generation fast-charging
anode materials with a high capacity, high rate, safe operating potential, and long cycle life are
thus needed to overcome these challenges.[10]

TNO provides good fast-charging properties, a safe operating voltage (ca. 1.6 V vs. Li/Li") at
high rates, high theoretical gravimetric capacity (387 mAh/g), and high theoretical volumetric
capacity (1682 mAh/cm?).[11,12] From the perspective of availability, titanium (0.45 %) is an
abundant element in the upper continental crust.[11] Additionally, niobium (10-26 ppm) is a
relatively abundant element comparable to cobalt (10-18 ppm), nickel (19-60 ppm) and copper
(14-32 ppm), ensuring that the supply can meet the growing demand for advanced batteries.[11]
Therefore, the development of fast-charging titanium niobium oxide (TiNb2O7, TNO) anode may
be viewed as key progress for the fast-charging market.

The past decades have witnessed the emergence of TNO anode materials.[11] In 2011, Prof.
John B. Goodenough first introduced the TiNb,O7 anode material as a new framework for LIB
anodes and matched it with a LiNio.sMn1.504 cathode to determine the full cell performance.[13,14]
After that, the Toshiba Company reported their research on TNO anodes in 2013, considering TNO
to be a next-generation EV battery anode that promises high energy density and ultrafast
recharging capability.[15-17] In 2017, Toshiba first launched the development of a commercial
TNO and announced that their TNO anode achieves double volumetric capacity compared to

graphite-based anode.[11,15-19] Impressively, this company commercially had developed the
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Li4Ti5012 anode since 2008 and regarded TNO as a better alternative to produce a super-safe,
durable, and fast-charging LIB anode.[9]

In this work, TiNbO7; as a promising anode material for these applications, is
investigated.[11] The first objective is synthesizing nanostructured single-crystal TNO material
particles using a sustainable method for the practical application. Single-crystal electrode materials
have been attracting a lot of attention in recent years as thanks to fewer grain boundaries they
prove highly stable over longer cycling times. This is the case for example of single-crystal Ni-
rich cathode materials.[20,21] As equally important with fast charging is the long-cycling of the
battery, it is this reason that motivated the first part of the research described in Chapter 3. Current
synthesis techniques including solid-state[22,23], and solvothermal methods[24,25], face
obstacles of insufficient purity, complicated procedures, and scalability challenges[11,14,26]. The
aqueous co-precipitation approach combined with calcination was selected in this work as a
sustainable and scalable synthetic route given success with other nanostructured and single-
crystalline electrode materials.[27,28] Aqueous co-precipitation methods avoid the use of
problematic organic volatile and flammable solvents, or costly organic Ti/Nb precursor chemicals,
hence its attractiveness for large-scale production[29-31]The design of such scalable synthesis
approach for TNO materials is based on decades of crystallization research in our group.[32] This
crystallization kinetics theory has been deeply investigated in hydrolysis reactions including the
hydrolysis of titanium chloride (TiCl4),[27,33-37] ferric chloride (FeCls),[38,39] and other metal
chlorides[32]. For instance, the hydrolytic precipitation of titanium chloride (TiCls) can be applied
for large-scale synthesis of titanium dioxide (Ti0O),[27,33-37] as shown in equation 6.1.

TiCla(aq)+2H20 — TiOx(s)+4HCl(aq) (equation 6.1)
Nevertheless, this reaction is rather challenging to control when used for synthesizing TiO>
particles at room temperature. As shown in Figure 6.1, our group has successfully advanced the
hydrolytic precipitation method via controlling pH and temperature to develop nanosized TiO2 of
different crystal polymorphs.[27,33-37,40] For example, in 2009, Li et al.[33] developed a low-
temperature partial hydrolysis process to prepare a homogeneous TiCls aqueous solution. Using
this stable TiCls solution, Li[33] and Charbonneau et al.[34,35] explored pH-controlled co-
precipitation via base chemicals (MgO or ammonia hydroxide) to obtain nanoscale TiOs.
Furthermore, Charbonneau et al.[35] also explored the high-temperature forced co-precipitation

routes. Following these developments, Yasin et al.[36,37] investigated the large-scale fabrication
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of nanocrystalline TiO: in the continuous stirred-tank reactor (CSTR) equipment. Beyond TiO>

synthesis, Chiu et al.[27] combined hydrolytic precipitation and high-temperature calcination to

develop nanostructured LTO as a high-performance LIBs anode.

Li Charbonneau Charbonneau Chiu Yasin Yu
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Figure 6.1 Application of hydrolytic precipitation and development of advanced materials in
HydroMET.[27,33-37]

This success case of Ti-based materials inspired the new co-precipitation synthesis method of
TiNb20O7 materials. For example, niobium chloride (NbCls) can also be employed for synthesizing

niobium (V) pentoxide (Nb20Os),[41] as shown in equation 6.2.

2NbCls(aq)+5H20 — Nb2Os(s)+10HCl(aq) (equation 6.2)

2FeCl3(aq)+3H20 — Fex03(s)+6HCl(aq) (equation 6.3)

Based on these in-depth understanding of hydrolytic co-precipitation of TiCls and NbCls, we
developed nanoscale titanium niobium hydroxide particles, which are crystallized to be
monocrystalline TNO nanomaterials, as discussed in Chapter 3. Following the same idea, we
introduced FeCl; hydrolysis reaction (equation 6.3) into this Ti-Nb-CIl aqueous system and
realized the co-precipitation of Fe-Ti-Nb hydroxides. Eventually, we developed one universal
substitutional Fe** doping strategy for TiNb,O7 materials[39] as shown in Chapter 4. From the
viewpoint of scalability and sustainability, this aqueous approach can be adapted for continuous
stirred-tank reactor (CSTR) equipment coupled with by-product and waste solution recycling

procedures, which makes this materials fabrication process more practical.
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In Chapter 3, we applied this hydrolytic co-precipitation fabrication approach to synthesize
nanoscale titanium niobium hydroxide, enabling atom-level mixing of Ti, Nb, and O in the TNO
amorphous precursor particles. These precursor nanoparticles were successfully crystallized into
nano/submicron-structured monocrystalline TiNb.O7 materials during the calcination process. In
comparison with polycrystalline or micron-sized materials, the single-crystal features and
nanostructure of TNO can shorten Li ion diffusion pathways and stabilize the material crystal
structure, thereby unlocking extremely fast charging capabilities and cycling durability[11,24,42].
This is evident from nanoscale LTO anode materials[27,28] and commercialized monocrystalline

nickel manganese cobalt (NMC) cathode materials[43,44].
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Figure 6.2 Sustainable aqueous hydrolytic co-precipitation synthesis of single-crystal TiNb2O7
and its fast-charging capability under 10 C fast-charging protocol. (Corresponding to Chapter 3)

As a result, the synthesized optimal single-crystal TNO anode delivers an initial capacity of
279 mAh/g and 219 mAh/g after 100 cycles capacities at 0.5 C respectively. The monocrystalline
TNO provides many advantages as a fast-charging anode including an outstanding Li-storage

capacity under 5 C high rate and 10 C extremely fast charging conditions (Figure 6.2). This
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remarkable rate capability can be attributed to a high Li diffusion coefficient of 1.37x10"* cm?/s
of TNO and good conductivity of lithiated TNO after 1 cycle. It is noteworthy that the pristine
TNO material, which has low conductivity, is transformed to a highly conductive lithiated TNO
phase during the initial lithiation step, as determined systematically by GITT, CV, and EIS
measurements. In addition, this TNO anode offers a high practical volumetric capacity of 351.7
mAh/cm? at 0.5 C, serving as a new reference for battery development targeting high volumetric
capacity and high volumetric energy density.[11,16] Also, via a detailed analysis of nanostructure,
crystallinity (XRD refinement), and porosity the formation mechanism of TNO single crystals was
elucidated and the relationship between electrochemical performance and material properties was
revealed.

Next, the challenge of achieving extended cycling stability under fast charging was addressed
in Chapter 4 via Fe’" substitutional doping of TNO. Substitutional cation doping strategy is
chosen in this research for further unlocking the extremely fast-charging capability of TiNb2O7
anode materials via crystal lattice expansion while stabilizing the structure to enable a longer cycle
life[11,24,26,45], as demonstrated via a combination of experimental and computational probing
work. Before, the present work on Fe®" substitutional doping of TNO, a variety of either
expensive, heavy, rare, or even environmentally harmful dopant elements, such as chromium (Cr>")
[46], lanthanum (La*") [47], zirconium (Zr*") [29], ruthenium (Ru*") [48], Cerium (Ce*") [49], and
Terbium (Tb>*) [50], molybdenum (Mo>" and Mo®") [51-53], vanadium (V°>*),[54] tungsten (W%")
had been proposed[55,56]. By contrast, Fe that was studied in this work, is abundant, cost-efficient,
and environmentally friendly element. In aqueous co-precipitation reactions during synthesis, Fe
(in the form of FeCls) has similar chemical properties and thermodynamic behavior in comparation
to TiCls and NbCls. However, Fe’" substitutional doping in TiNb,O7 crystals has not been
investigated.

The present research aimed at investigating the in-depth mechanism underlying the enhanced
electrochemical performance by substitutional doping. Previous studies applied larger-radius
dopants compared to Ti*" (ca. 0.61 A) and Nb>* (ca. 0.69 A), such as Cu** [24,57], La** [47], Zr**
[29]. It is commonly accepted that corresponding structural changes is the key to enlarge the Li*
transport channels, thereby improving Li" diffusion kinetics.[24,57] However, more evidence from
new aspects is needed to fully understand the cation substitutional doping mechanism. For

example, the impact of structural distortions from quasi-equisized dopants on widening Li ion
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diffusion channels is unclear. Therefore, applying Fe*" with a quasi-equisized ion radius (ca. 0.64

A) [58] can provide valuable insights into this perspective of the mechanism study.
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Figure 6.3 Cycling stability of TNO and Fe-doped TNO under 5 C high rate and underlying
mechanism from the perspectives of decreased diffusion energy, decreased impedance, and
narrowed band gap. (Corresponding to Chapter 4.)

Through synergetic experimental investigation and density functional theory (DFT)
calculations, it was determined: (1) Fe dopants create a sub-band and lower the band gap, thus
improving electronic conductivity. (2) Fe doping modulates the crystal structure and introduces
disorder, according to the atomic-level TEM, XRD refinement, and strain in the DFT calculations.
Typically, larger ions like Mo®[53], Cu**[57], and V>*[54] have been used in the past to enlarge
the lattice. Impressively, in this study, we found that equivalent-sized ions can also widen the Li
ion diffusion channel along b axis in the crystal by introducing distortions. (3) The fast Li ion
diffusion kinetics has been experimentally evaluated by GITT-determined Li ion diffusion
coefficient and theoretically analyzed by DFT-calculated Li ion diffusion energy barrier. (4) Fe**
doping enhances the overall capacity of the material due to the Fe**/Fe?" redox couple, as revealed
by CV and charge-discharge results. Based on this probing, the optimal 5% Fe**-doped TNO (Fe5-
TNO) was shown to demonstrate remarkable extreme fast-charging capability (238 mAh/g under
10 C charge/1 C discharge), and outstanding cycling stability at 5 C high rate (85 % retention after
1000 cycles) as summarized in Figure 6.3. Finally, Table 6.1 compares the present doping study
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to the best previous works exemplifying the significant advance made in knowledge and

performance.
Table 6.1 Comparison of key doping studies on TNO materials.
Ultra-Fast
. . Advanced X
. . Synthesis DFT Theoretical o charging
Doping type Composition . characterizati Rate performance o Ref
Methods calculation capability and
on
cycling stability
. 200 mAh/g at 1% cycle
Density of states (DOS), .
L Atomic-level and 170 mAh/g after
Fe3* Scalable Li* diffusion energy .
e i . TEM, REELS,| 285, 250, 225, and 195 mAh/g at | 1000 cycles at5 C. | This
substitutional | Feo.osTiogsNb206.975 aqueous barriers, .
. . . XRD 0.5, 1, 2, and 5 C respectively | 238 mAh/g under 10 | study
doping co-precipitation| Crystal structure evolution, . .
. refinement C charging (coupled
Electronic structure
with 1 C discharging)
Ccu?* . 182 mAh/g at 1% cycle|
o _ Solid-state XRD 274, 258, 238, 210 and 182 mAh/g
substitutional | Cuo.02Ti094Nb2.04O7 . No . and 178 mAh/g 1000 | [57]
. synthesis refinement at0.5,1,2,5and10C
doping cyclesat 10 C
. . 180 mAh/g at 1% cycle
Mo®* interstitial i Solvothermal 264, 250, 239, 225, and 213 mAh/g
. Mo0o.03-TiNb207 No No and 170 mAh/g after | [53]
doping method at0.5,1,2,5,and 10C
500 cyclesat 10 C
i . i Density of states (DOS), 314.8, 291.3, 263.6, 244.6, 229.4 |210 mAh/g at 1% cycle
V5 interstitial : Organic L XRD
. Vo.030-TiNb207 L Li* diffusion energy . and 209.2 mAh/g at 0.5, 1, 2, 4, 6, | and 163.5 mAh after | [54]
doping co-precipitation . refinement
barriers and8C 2000 cycles at 10 C
. 260, 250, 220, 215, 190, 170, 130, (150 mAh/g at 1% cycle|
Nb®* Solid-state XRD
i Tio.98NDb2.0207 . Density of states (DOS) . and 80 mAh/g at 0.1 C, 0.2 C, 0.5 | and 112 mAh/g after | [45]
self-doping synthesis refinement
C,1C,2C,5C,10C,and20C | 1000 cycleat10C

The final objective, dealt with in Chapter 5, is to optimize the fabrication method targeting
extended cycling life at high rate. The goal is to address the significant capacity fade occurring
upon long cycling under fast-charging conditions, that is due to low conductivity of TNO, non-
uniform electrode/electrolyte interface, and structural evolution.[11,59] Having addressed the
crystal design and bulk structure modification via doping, next the electrode interphasial
microstructure was modified aiming at improving its conductive network.[60,61] Accordingly, we
have carbon-coated the Fe-doped TNO single crystal material (C-FeTNO) and co-deposited with
reduced graphene oxide (rGO) as C-FeTNO/rGO composite electrode via electrophoretic method
followed by reductive annealing. This novel electrode design leverages the multifunctionality of
graphene, including excellent theoretical electronic conductivity, mechanical/thermal stability, and
binding property by combining it with the nanoscale assembly power of EPD.[62] By employing
this strategy, a homogeneous 3D electrode structure was successfully build characterized by
enhanced kinetics, suppressed volume variation, and electrolyte decomposition

minimization.[63,64]
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Figure 6.4 Comparison of microstructure and cycling stability of advanced TNO/graphene
electrode vs. traditional TNO electrode under 5 C high rate. (Corresponding to Chapter 5)

Traditionally, electrode fabrication involves the use of acetylene black as conductive agent
and polyvinylidene fluoride (PVDF) as a binder. The use of the latter, however, involves the toxic
solvent N-Methyl-2-pyrrolidone (NMP), which draws health issues and environmental
concern.[65] Conversely, the novel electrode structure based on electrophoretically deposited C-
FeTNO and graphene oxide deploys rGO as both conductive component and binder, replacing
PVDF and the toxic solvent NMP. EPD is conducted in this work in a widely available and used
industrial solvent, iso-propanol, that it has sanitizing and disinfectant properties finding
applications from electronics and coatings to medical devices offering a sustainable electrode
fabrication method. The combined action of GO and EPD successfully prevents aggregation
leading to advanced C-FeTNO/rGO electrodes with remarkable practical capacities, based on the
total electrode mass rather than only active materials. It further enhanced rate performance with
high capacities of 252, 246, 236, 210 mAh/g at 0.5 C, 1 C, 2 C, and 5 C, respectively. As a result,
a high practical initial capacity of 212 mAh/g and remarkable cycling retention of 70 % after 5000
cycles at 5 C, was achieved making it a promising ultrafast-charging LIB anode.

Having successfully designed and tested in half-cells, the novel carbon-coated Fe-doped TNO
single crystal active material co-deposited with reduced graphene oxide (rGO) as C-FeTNO/rGO
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composite electrode, next full cell testing with cathodes like LFP or NMC should be pursued.
Finally, the application of the C-FeTNO/graphene anode in all-solid-state battery featuring a
hybrid electrolyte[66] and a cathode deserves investigation as novel paradigm of safe and high-
power battery.[67]
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7. Synopsis
7.1.Conclusions

The overall goal of this thesis was to advance the development of titanium niobium oxide
(TiNb20O7, TNO) as an ultrafast charging anode via a concerted approach involving nanocrystal
control, crystal structure alteration via doping, and electrode engineering. Towards this goal, we
developed a scalable synthesis method for single-crystal TNO materials, investigated
substitutional Fe’" doping via combined experimental and computational probing and advanced
the electrophoretic engineering of highly conductive and long-cycling stable Fe-dope TNO/rGO

anodes.
The major conclusions drawn from this work are summarized below:

Single-crystal TNO anode materials with sub-micron size were synthesized through
controlled hydrolytic co-precipitation and optimized high-temperature calcination. Co-
precipitation by neutralization of a solution made with abundant chloride salts with NH4OH 1is
producing 10-nm precursor particles of mixed metal hydroxides. These nanoscale and
homogeneous in composition precursor particles are conducive to single crystal formation upon

calcination at the appropriate temperature and time, 900 °C for 4 hours.

The as-synthesized single-crystal TNO exhibited a high gravimetric capacity of 279 mAh/g
and high volumetric capacity of 351.7 mAh/cm® (after calendering at 3000 atm) at 0.5 C.
Furthermore, it is characterized by a high diffusion coefficient of up to 1.37x10™"* cm?/s, and a
remarkable fast charging capability of 200 mAh/g under 10 C fast charging (coupled with 1 C
discharging). However, its cycling lifespan required improvement as its initial capacity of 223

mAh/g will fade down to 81.4 % after 200 cycles.

To improve the cycling stability of the new TNO single-crystal anode material, in-situ
substitution of Fe and compositional control was realized to develop nanostructured Fe**-doped
TNO monocrystalline material (Feo.o5Ti0.95Nb20g.975). The obtained Feo.05Tio.0sNb2Os.975 provides
remarkable fast-charging capability (220 mAh/g after 100 cycles under 10 C/1C
charging/discharging protocol) and enlarged cycling stability (85% capacity retention after 1000
cycles at 5 C). The mechanism by which iron substitution helped stabilize battery cycling was

revealed by both experimental and computational studies. Fe** substitution of Ti*' in TNO
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nanomaterials (5% Fe substitution) reduces the band gap from 3.75 eV of pure TNO to 3.40 eV of
Fe5-TNO, thereby increasing the conductivity of TNO and reducing the impedance of LIB
electrodes. Crystallographically, Fe** dopants extend the ac-plane and decrease the b-value,
suggesting a widening diffusion channel and shortening pathway along the b-axis. Consequently,
this Fe**-doped TNO demonstrates a higher Li diffusion coefficient (determined by GITT) and a
smaller Li-ion diffusion activation energy (calculated by DFT).

Finally, an advanced electrophoretic deposition (EPD) method was developed to fabricate
carbon-coated Feo.0s5Ti0.9sNb2Os.975/reduced graphene oxide (rGO) composites for binder-free all-
active-material fast charging anodes. The innovative technique ensures homogeneous interphasing
of TNO nanocrystals and graphene oxide that is free of aggregation and which upon reductive
annealing creates a highly conductive 3D percolation network. The newly engineered C-
FeTNO/rGO electrode provides a low impedance of 75 ohm, it offers a high practical initial
capacity of 212 mAh/g and remarkable cycling retention of 81% after 2500 cycles extended to 70
% retention after 5000 cycles at 5 C, making it highly suitable for ultrafast-charging applications.

7.2.0riginal Contributions to Knowledge

The original contributions to scientific knowledge achieved by the research studies described in

this thesis, are listed below:

e For the first time, single-crystal TiNb,O7 materials are successfully synthesized by a novel
sustainable production featuring hydrolytic co-precipitation and calcination.

e First time investigation into Fe** substitutional doping in TiNb,O; nanomaterials, which
promotes ultra-fast charging and long-cycling capability has been reported. The Fe**
substitutional mechanism was investigated through state-of-the-art theoretical modeling and
nanostructure characterization to reveal crystal structure and redox reaction evolution, ionic
diffusion, and electronic conductivity

e The design of ultra-fast charging and long-cycling carbon-coated Fe**-doped TiNb,O7/
reduced graphene oxide by electrophoretic deposition enabling homogeneous-interphase

binder-free all-active-material electrode microstructure is also considered novel.
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7.3.Future Research Direction

Future research is recommended to enhance the work as following:

During finishing the work for Chapter 3 and Chapter 4, we determined that our synthesis
method is scalable for material fabrication and effective for Fe substitutional doping. However,
further research into kilogram-level materials synthesis and additional cationic doping work is
necessary to advance it towards industrial application. To be more specific, we need to further
increase the concentration of aqueous solution, improve the production yield, and design a protocol
for continuous stirred tank reactor. From an environmental aspect, we need to recycle the by-
products, including spent ammonium chloride solution.

Secondly, in Chapter 4, the doping modification mechanism was investigated by using
advanced characterization and theoretical DFT calculations. Further investigation with ultraviolet
photoelectron spectroscopy (UPS) is recommended to determine valence band, work function,
ionization energy, etc. Applying also post-mortem analysis by XRD, TEM, XPS could shed more
light into the redox and structural modification effects induced by Fe doping helping further
improve the long-term cycling stability.

Thirdly, in Chapter 5, novel electrode/interphase engineering was applied. In the future, in-
situ observation, including in-situ XRD and in-situ SEM, can be explored to further understand
the electrode interphase formation. Moreover, state-of-the-art theoretical calculations such as
machine learning, DFT, and molecule-dynamics calculation should be tried for an in-depth
understanding of the electrode system.

Beyond the above, it is recommended to explore the application of the new TNO/rGO
composite anode in full cell configuration by properly pairing it with optimal cathode and
electrolyte, and upsizing it from coin cell to pouch cell. The practical energy density and power
density of full cell batteries needs to be determined.

Additionally, the application of TNO/rGO in solid-state batteries in combination with
polymer or hybrid (ceramic-polymer) electrolytes as safer alternative to Li metal anodes is another

challenging and meaningful research topic.
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8. APPENDIXES: Supplementary Information
A. Supplementary Information for Chapter 3: Single-crystal TiNb207 Materials via
Sustainable Synthesis for Fast-charging Lithium-ion Battery Anodes
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Scheme A.1 Schematic diagram of experimental procedure.
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Scheme A.2 Flow chart of the experimental procedure with details.
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The following reactions are proposed to account for the synthesis of the hydroxide
intermediate precipitate:
(1) Partial Hydrolytic Reaction of TiCla:

TiCls (aq) + xH20 — Ti-(OH)x-Cls (aq) + xHCI(aq) (equation A.1)
(2) Partial Hydrolytic Reaction of NbCls:
NDbCls (s) + yH20 — Nb-(OH)y-Cls.y (aq) + yHCI(aq) (equation A.2)
(3) Co-precipitation Reaction:
NH4OH(aq) + HCl(aq) — NH4Cl(aq) + H20(l) (equation A.3)

Ti-(OH)x-Clax (aq) + (4-X)NH4OH — Ti(OH)4 (s) + (4-x) NH4CI (equation A.4)
2Nb-(OH)y-Cls.y (aq) + (10-2y) NHsOH — 2Nb(OH)s (s) + (10-2y) NH4Cl (equation A.5)
Ti(OH)4 + 2Nb(OH)s —TiNb2(OH)14 (equation A.6)
TiNb2(OH)14—TiO2*Nb20s*nH20 + (7-n)H20 (equation A.7)

(4) Calcination:
TiO2*Nb20s*nH>0 (amorphous) — T|Nb207 (crystalllne) (equation A.8)
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Figure A.2 TGA and DSC curve of the TNO-Precursor
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The degree of crystallinity was determined using equation A.9.

Crvstallinit Area of cystallinine peaks 100% tlon A9
_ X .
Yy ™ A rea of cystalline peaks + Area of amorphous peaks o (equation A.9)

The average crystalline grain sizes of TNO-700C, TNO-900C, and TNO-1100C samples were
determined to be around 50 nm, 100 nm, and 500 nm, respectively, as calculated by the Scherrer
equation (Equation A.10))[1].

Scherrer equation can be represented as follows:

3 KA
a BthCOSG

Dy (equation A.10)

where Dy,; is the crystallite size in the direction perpendicular to the lattice planes, hkl are the
Miller indices of the lattice planes, K is the shape factor constant (0.8-1.2), 1 is the wavelength of
the X-rays (1=1.54056 A), B,y is the full-width at half-maximum (FWHM), @ is the diffraction

angle.

Table A.1 Crystallographic data obtained by LeBail Refinement of TNO-900C and TNO-1100C.

Crystal |Space| a b c o B Y \ Density
system |group| (A) | (A) | (A) [(deg)| (deg) |(deg)| (A% |(g/cm’)
-IS;ON(?C- Monoclinic | C2/m [11.876 3.799|20.358| 90 |120.199| 90 |793.776| 4.355
]'-I'llgg(-: Monoclinic | C2/m [11.894 |3.797 | 20.377 | 90° |120.199| 90 |795.379| 4.346
() (b)ozo
266.07 m?/g [ | TNO-Precursor = 0.1726 cm¥/g |: TNO-Precursor
265 [~ C. [ ]
I TNO-900C £ T~ 0-900C
3 Il TNO-1100C 2 0154 I TNO-1100C
E g
;E 255 - :g
& £ 0.10 4
£ 250 1 £
g 35 Q§ 0.05 5 0.0418 cm?/g
s -4'"“ mU2 351 g | -0.0153 em’/g
= :
0 0.00

Figure A.3 (a) BET specific surface area and (b) BJH desorption pore volume of TNO-Precursor,
TNO-700C, TNO-900C, and TNO-1100C samples.
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Furthermore, the equivalent particle size of samples in Table A.2 can be determined using
the BET method, as shown in equation A.11 below[2].

dppT= 6000/ (Sger*p) (equation A.11)

Where dggr is the equivalent particle size in nm, Sger represents the BET specific surface areas
in m?/g, p is the density of the particles in g/cm®. Using the true densities calculated for TNO-
900C and TNO-1100C (Figure A.1), the BET particle size is calculated to be 100 nm and 393 nm,
respectively, using equation A.11. We assume the true density of TNO-Precursor and TNO-700C
is to be 4.3 g/cm? because the theoretical value can not be determined (due to lack of crystallinity),
which results in particle sizes of 5 nm and 37 nm, respectively.

Table A.2 Characteristic properties of TNO samples

Samples Crystallinity Particle size of BET surface Porous structure of | Pore size
(%) primary particle(nm) area (m?/g) secondary particle (nm)
DLS TEM
TNO-Precursor 0 - 5-10 266.07 Mesoporous 3
TNO-700C 58.6 150-450 50-300 37.64 Mesoporous 10
TNO-900C 71.5 180-520 50-300 4 Macroporous 55
TNO-1100C 81.7 360-820 200-500 351 nonporous -

Note: Presented particle size of primary particles was determined by DLS and TEM

Electrochemical testing data:
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Figure A.4 The gravimetric capacity of TNO-900C materials calendered under different pressures
(0 atm, 1500 atm, 3000 atm).
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Table A.3 Basic physical and electrochemical properties of TNO-900C electrodes with an area
of 0.785 cm?, pressed under different calendaring pressures.

Calendaring Pressure 0 atm 1500 atm 3000 atm

Mass of composite 292 3.08 347
electrode (mg)

Electrode mass

loading 3.72 3.92 4.42
(mg/cm?)

TNO active materials

mass loading 2.98 3.14 3.54

(mg/cm?)

Electrode thickness 54 27 24
(um)

Electrode physical
properties

Electrc()gs]%olume 0.00424 0.00212 0.00188

Electrode density 0.69 1.45 1.84
(g/em?) ' ' '

Initial discharge

gravimetric capacity 279 243.9 238.8
(mAh/g)

Electrode Initial discharge

electrochemical volumetric capacity 153.6 283.3 351.7
3
properties (mAh/cm?)

1st cycle coulombic 94% 94% 95%
efficiency

Cycling retention 0 . .
after 100 cycles 9% 77% 74%

Note: The term “Electrode” refers to the electrode composite consisting of TNO active material
(80 wt.%), binder, and carbon black.[3]
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Figure A.5 (a) Rate performance and corresponding coulombic efficiency of TNO-700C, TNO-
900C, and TNO-1100C. (b) Capacity-voltage profiles of TNO-900C measured at 5 C rate (5 C
discharge and 5 C charge). (c) Capacity-voltage profiles of TNO-900C operated under 10 fast
charging situation (10 C fast charging coupled with 1 C discharging).

Table A.4 summarizes the data from key papers in literature that were used to build
comparative Figure 3.5(d). As indicated in Table A.4, the TNO mass loading in most of the
studies mentioned was in the order 1-2 mg/cm? compared with 3.2 mg/cm? mass loading for the
present study. Lyu, et al.,[4] determined the rate performance of TNO with different mass loading
from 2.3, 4.3, and 6.7 mg/cm? to decrease with increasing mass loading; see Figure A.6 on which
our data is superimposed. As it can be seen, our TNO-900C material (at 3.2 mg/cm? mass loading)

shows competitive performance, nearly as high as Lyu’s sample at 2.3 mg/cm? sample despite the
higher amount used.
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Table A.4 Capacity comparison at 5 C of TiNb.O7 anode materials synthesized via different
methods.

Anode Materials Synthesis Methods Dlscha;%%%apacny References
Hydrolytic co-precipitation synthesis method s
(New sustainable route: green, aqueous, additive-free) 2(2)3 mﬁmg gf‘ttr %/gle,

Single crystal Chemicals: _TiCI4, NbCI_s, DI water, ammonia hygiroxide Cycles This
TiNb>O; Step 1. Partial hydrolys_ls: Add TiCls and Nb_C_Is into DI 1815 ,mAh/g after 200 research,
Particles water (<10 °C), respectively; followed by mixing. cyclles ITNO-900C;

Step 2. Co-precipitation: Add NH4OH into Ti-Nb-Cl (Masslloading' sample
solution to pH=9 3940 3 mg/crﬁz)
Step 3. Calcination: 900 °C for 4 h in air T
Hydrolytic co-precipitation synthesis method
(flammable organic-solvent, expensive additive 170 mAh/g at 1%t cycle, Yuetal.,
supported route) 160 mAh/g at 100" cycle, (ACS

TiNb,O7;  [Chemicals: NbCls, titanium isopropoxide (TPT), oxalic ~ [150 mAh/g at 2001 cycle  SUStain-
S Chem. Eng. [[5]
nanospheres  [acid dihydrate, urea,

Solution: ethanol and water (Mass loading: (121(%23 5147-
Step 1. Hydrolysis 1.6-2.2 mg/cm?) 5154.
Step 2. Calcination: 800 °C for 6 h in air
Cui etal.,
150 mAh/g at 1% cycle,  |acs Appl.
Solid-state synthesis method 125 mAh/g at 100" cycle, |Mmater.
TiNb207 Chemicals: TiO2 and Nb20s 120 mAh/g at 200" cycle |Interfaces 6
microparticles |Step 1. Ball milling: 6 h 15(37) [6]
Step 2. Calcination: 1200 °C for 4 h in air (Mass loading: (2023)
1 mg/cm2) 43745-
43755.
Bian et al.,
180 mAh/g at 1 cycle,  |3oumnal of
TiNb2O- _ _ Solid-state synthesis method 145 mAh/g at 100" cycle, |Materials
Micron-sized Chemicals: TiOz and Nb2Os 137 mAh/g at 200" cycle Science- 7]
articles Step 1. Ball milling: 3 h Materials In
P Step 2. Calcination: 1100 °C for 8 h (Mass loading: Electronics
1-1.5 mg/cm?) 34(26)
(2023) 1826.
Solvothermal synthesis method 215 mAh/g at 1% cycle,  |parketal.,
Porous TiNb,O+ Chem_icals_: Ti(OC4Hg)s4, Nb(OC2Hs)s, DETA 200 mAh/g at 1001 cycle, |4dv. Energy
microspheres Solution: isopropyl alcohol (IPA) 200 mAh/g at 200" cycle |Mater. 5(8) |[8]
Step 1. Solvothermal: 200 °C for 12 h. (2015)
Step 2. Calcination: 700 °C for 5 h in air (Mass loading: 1 mg/cm?) 1401945

st
Solvothermal synthesis method 185.3 mAN/g at 1° cycle,

TiNb207 e . 180 mAh/g at 100" cycle, [Wangetal,
IND20s/TiO» Chem_lcalls. tetrabutyl titanate, NbCls 170 mAh/g at 200 cycle J. Power
composite Solution: ethanol Sources [9]
P Step 1. Solvothermal: 170 °C for 20h. 2017, 367,

microsphere Mass loading: N/A _
p g 106-115.

Step 2. Calcination: 800 °C for 6 h in air

Gupta et al,
Solvothermal synthesis method 220 mAh/g at 1%t cycle, Hournal of
(Microwave-assisted) 209 mAh/g at 100™ cycle the
TiNb2O;  [Chemicals: Ti(OCsHz)s, NbCls famenican [10]
microspheres  [Solution: ethanol (Mass loading: N/A) Society
Step 1. Microwave-assisted solvothermal: 200 °C/ 30 min 106(7)
Step 2. Calcination: 800 °C for 8 h in air (2023) 4192-
4201.

*Note that the rate of 1 C was set as 387.6 mA/g based on the theoretical capacity of TiNb2O;
(387.6 mAh/qg), consistent with the cited papers.
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comparison of our data to those of Lyu et al.[4]
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Figure A.7 EIS results before and after each CV cycle of (a) TNO-700C and (b) TNO-1100C, (c)
equivalent circuit model of EIS for half-cell battery.
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Figure A.7(c) illustrates the individual LIB half-cell components: TNO composite electrode
represents TiNb.O7/Carbon black/PVDF composite electrode, Li metal serves as reference
electrode, and the solid-electrolyte interphase (SEI) is formed between electrode and electrolyte
after lithiation/delithiation process. In the EIS equivalent circuit model, Ronm is the Ohmic
resistance corresponding to electrolyte (dominated) and current collector; and Rct and Cqi the
Faradaic charge transfer resistance and relative double-layer capacitance in the bulk of composite
electrode, related to the semicircle at medium frequencies; Rsgi and Csgi are resistance and
capacitance of the SEI layer, corresponding to the semicircle at high frequency; W is the Warburg
impedance indicated by a straight line at low frequency, which reflects a combination of the
diffusional effects of lithium ion on the interface between the active materials particles and
electrolyte[11,12].

Li ion diffusion coefficient (D + ;5) can be determined by using equation A.12 and

equation A.13[13,14].
Re(Z)=RyptRert owo ™3 (equation A.12)
R°T?

D+ o=
Li', EIS
! 2n4Ft oy 2A2C?

(equation A.13)

where oy, R, T, n, F, A, and C correspond to Warburg coefficient, gas constant, absolute
temperature, number of electron transfer per molecule, Faraday constant, surface area of the
electrode, and Li ion concentration, respectively.

Table A.5 Calculated Li* diffusion coefficient (Dyi+ cy) of pristine TNO based on cyclic
voltammetry

Synthesis Anode Dvi* during Dvi* during
No. method Materials Lithiation Delithiation Ref.
(cm2/s) (cm2/s)
Mesoporous i 16 Qian et al, J. Colloid Interface
1| Sol-gelmethod | "oy o 1.09x107%° 1.52x10 Sci. 2022, 608, 17821701, | [1°]
Template Mesoporous _ 16 Qian et al., Electrochim. Acta
2 method TiND,0; 1.17x10°% 1.29x10 2021, 379, 138179. [16]
Solvothermal Hollow Qian et al, ACS Sustain. Ch
. 14 14 ian et al, ustain. Chem.
3 method T|Nb;07 3.08x10 3.28x10 Eng. 2022, 10, (1), 61-70. [17]
nanospheres
5 Hvdrolvt TNO-700C 6.68x10°16 8.20x10716
6 YeroWtic ' mrN6-900C | 1.12x10% 1.08x10% This research
co-precipitation
7 TNO-1100C 8.33x10 7.03x10
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The quantitative contribution of pseudocapacitance for three samples was investigated with

equation A.14 [14,18] as a function of the sweep rate (reproduced below):

i(V)=k1v+k2v% (equation A.14)
where i(V) is total current at specific voltage (V'), v is voltage sweep speed, k; and k, are
adjustable parameters, k,v denotes surface-controlled capacitive storage and k,v*/? corresponds
to diffusion-controlled intercalation storage process.

(a)ﬂ.ls (b) 100

TNO-900C B

Sweep rate: 0.056 mV/s - Hl TNO-9%00C
0104 £ 80+ B TNO-1100C
<]
R g
z £

0.05 .
£ 2 oL 508
= =
. =
B 0.00 b 394 41.1
s 2 401 316
5 5 24.6 Bl
- 23.8
-9
~0.05 7 = 20 12.8 171 18.1
Total S . -
B Capacitive contribution 2
—0.10 T T T
1.0 1.5 2.0 2.5 3.0
Voltage (V) 0.056 0.111 0.278 0.556 1.11 2.78

Sweep rate (mV/s)
Figure A.8 (a) CV behavior of TNO-900C at 0.056 mV/s and (b) Capacitive contributions of TNO-
700C, TNO-900C, and TNO-1100C at different sweep rates.
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B. Supplementary Information for Chapter 4: Fe3*-substitutional Doping of Nanostructured

Single-crystal TiNb207 for Long-stable Cycling of Ultra-Fast Charging Anodes

TiCl; Aqueous
Solution

NH,OH

NbCl; Aqueous
Solution

Ti-Nb-Fe-Cl Amorphous Monocrystalline
FeCl; Aqueous Aqueous Fe-TNO Fe-TNO
Solution Solution Precursor Materials

Scheme B.1. Synthesis flowchart of in-situ Fe*" substitutional doped titanium niobate (FexTi;-
Nb207.42, x=0.01, 0.05, 0.10) materials via scalable homogeneous aqueous co-precipitation and

calcination

Table B.1 Elemental composition analysis via ICP-OES

Composition analysis via ICP

Sample TNO Fel-TNO Fe5-TNO Fel0-TNO
name
Theoretical TiNb O Fe Ti NbO Fe Ti NbO Fe Ti Nb O
composition 2 7 001 099 2 6995 005 095 2 6975 01 09 2 695
theoretical 1CP theoretical 1CP theoretical 1CP theoretical 1CP
result result result result
Fe 0 0 0.01 0.01 0.05 0.05 0.1 0.1
Ti 1 1.02 0.99 0.99 0.95 0.95 0.9 0.91
Nb 2 2 2 2 2 2 2 2
Fe/Ti 0 0 0.01 0.01 0.064 0.064 0.11 0.11
Fe/Nb 0 0 0.005 0.005 0.03 0.03 0.05 0.05
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Table B.2 Elemental composition analysis and oxidation states of TNO and Fe5-TNO via X-ray
photoelectron spectroscopy (XPS)

Sample name TNO Fe5-TNO
Theoretical TiNb O Fe Ti NbO
composition 27 0.05° 095 2 6975

Elemental Oxidation
composition state ftheoretical XPS [theoretical ~ XPS

%
Fe +3 0 0 0.5 0.54
Ti +4 10 10.28 9.5 9.47
Nb +5 20 20.51 20 20.30
(0] -2 70 69.21| 69.75 69.69
Fe/Ti 0 0 0.064 0.064
Fe/Nb 0 0 0.03 0.03
(8)[Lithiated Fes-TNO Fe 2p| (b) Ti 2p,, Ti2py, Ti2p
relt 715.4 eV 2+ + ithiated Fe5-TN 458.10 L‘3+
7:; oy Fe' I 71F1.E~) eV e e -::Llllqc;r:f) I
Ti
; - 3 [FesO 58450y,
'g 709.5 eV E 464.25 ",;-i“
‘E FeS-TNO Satellite ‘E
= Fed* 7154 eV =
722.8 eV 458.58 eV

TNO
404.38 eV
e

Satellite  F€2P32 Ti
Fe2p,, - .
728 724 730 Ti6 712 08 704 466 464 462 460 458 456
Binding Energy (eV) Binding Energy (eV)
(¢)|Nb 3d Nb 3d,, Nb 3ds), (d)[ 1¢ Surface oxygen O-Nb/O-Ti
206.75 eV o 520.00 &V
Nb* Lithiated Fe5-TNO .
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. 531.70 eV
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3 3 ;
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Figure B.1 High-resolution XPS spectra of (f) Fe 2p, (g) Ti 2p, (h) Nb 3d, and (i) O 1s for TNO,
Fe5-TNO, and lithiated Fe5-TNO (discharged to 1 V)
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Figure B.2 XRD patterns of nanostructured Fe**-doped TNO materials (FexTiixNb2O7.x/2, x=0.01,
0.05, 0.10, 0.20, 0.50), TNO material, and hematite sample

Table B.3 Crystal parameters of TNO and Fe5-TNO via Le Bail refinement and DFT calculation
Crystal parameters by XRD refinement

Crystal  Space a b c p a,y \%
system  group A) A) A) ©) ©) A%
TNO Monoclinic C2/m  20.358 3.799 11.876 120.199 90 793.776
Fe5-TNO Monoclinic C2/m  20.539 3.754 11.892 120.386 90 790.968
Difference +0.89 % -1.18% +0.13% +0.16 % -0.35%
Crystal parameters by DFT calculation
Crystal  Space a b c B a,Y \%
system  group Q) Q) A) ©) ©) A%
TNO Monoclinic C2/m  20.410 3.892 11.883 119.588 90 820.876
Fe5-TNO Monoclinic C2/m  20.682 3.836 11.981 120.639 90 816.387
Difference +1.33% -1.44% +0.82% +0.88 % -0.55 %

177



670 cm

—_ !

= ; Ti-O-Ti

xR = 1

e I\ i 490 em™
° 970 em’'; | ! Nb-O-Nb
8 Nb-O !} i

= ii !

s 920 e’ :

g Nb-O

L]

=

——TNO P
650 cm™\ !
Fe5-TNO Ti-O-Ti \!

T ] T T T L] L]
2000 1800 1600 1400 1200 1000 800 600 400
Wavenumber (em™)

Figure B.3 FT-IR spectra of TNO and Fe5-TNO single-crystal materials

—TNO 1002.10 eV jj 1002.20 eV
— Fe5-TNO
™
998.35 eV 998.80 eV |
5 B il £
< b il
g ! e—3.40eV il &
.‘g : EBand gap [|i} &
= o il &
= i i o
= i i §2
= i 3.75eV—il |3
i i Band gap [[ i |*
Inelastically i 1
scattered electrons (I :E
SR, i 1
e e . r
994 996 998 1000 1002 1004
Kinetic Energy (eV)
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Figure B.6 The simulated charge density of TiNb,O7 crystal at (a) [100] zone axis, (b) [010] zone
axis, (¢) [001] zone axis

The formation energies in Figure 4.3(e) of the main manuscript are calculated to find the
most favorable substitutional site for Fe*" in TiNb,O7. The formation energy of four structures with
different doping sites (Til, Ti2, Ti3, Ti4) was estimated after geometry optimization. The formation
energy per unit cell, where the supercell contains 18 units of TiNb>O7, was calculated using

following equations:

AEf :(ETil8Nb360126-1 8ETi -36ENb- 1 26E0)/1 8 (equation B.l)

AEf, (TisFe) :(ETi17Nb360126' 1 7ETi -3 6ENb' 1 26E0-EF6)/1 8 (equation B.Z)
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Where, Ej .Nby0,,4 18 the total energy of supercell, and Eti, Exv, Eo, Ere are total energies of Ti,
Nb, O and Fe atoms respectively. AE; (1i, e corresponds to the formation energy when one Ti is
substituted by Fe atom.

Li-ion chemical diffusion coefficient can be determined by equation B.3[8,19], using the data
collected with the galvanostatic intermittent titration technique (GITT) data. This equation is
derived from Fick's law assuming the following conditions: the electrode material is homogeneous,
the molar volume change of the host material is not significant, the current is very low with a short

duration time, and the cell voltage varies linearly with the square root of the duration time.[20,21]

4 mgVy\* (AE\? 5 :
DLi+, GITT:E(M—BIA> (AEt) (’L'<<L /DLi+) (equatlon B.3)

Where 1 (s) is the duration time of the constant current pulse (300 s), mg (g) is the mass of active
materials, Mg (g/mol) is the molar mass of active materials (345.68 g/mol), V; (cm*/mol) is the
molar volume of the active materials, A (cm?) is the contact area between the electrode and the
electrolyte; AE is the steady-state voltage change stemming from the current pulse during
different rest steps, and AE; is the voltage change during the galvanostatic discharge-charge time
(from 1 to 1(+) eliminating the iR drop. L represents diffusion length.

Additionally, Li-ion chemical diffusion coefficient can also be determined using CV data at
varying sweep rates and Randle-Sevcik equation (equation B.4)[22,23]:
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v (equation B.4)

— 5.3/2 1
1,=2.69x10°n32SCD} .,

where n is the number of electrons involved in the redox reaction (n=1 in this case), S (cm?) is the

surface area of the electrode, and C (mol/cm?) is the concentration of Li ions in the TiNb,O7 anode.
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Figure B.7 Model of the LIB half-cell consisted of Fe-TNO composite anode and EIS equivalent
circuit model (a) without SEI and (b) with SEI

180



Figure B.7(a) illustrates the individual LIB half-cell components: Fe-TNO composite
electrode represents Fe-doped TNO/Carbon black/PVDF composite active electrode, Li metal
serves as reference electrode. In the EIS equivalent circuit model, Ronm is the Ohmic resistance
corresponding to electrolyte (dominated) and current collector; and Rer and Car the faradic charge
transfer resistance and relative double-layer capacitance in the bulk of composite electrode, related
to the single semicircle at high frequencies, W is the Warburg impedance indicated by a straight
line at low frequency, which reflects a combination of the diffusional effects of lithium ion on the
interface between the active materials particles and electrolyte[11,12]. As shown in Figure B.7(b),
the solid-electrolyte interphase (SEI) is formed between electrode and electrolyte after
lithiation/delithiation process. Correspondingly, Rsgr and Csg; are resistance and capacitance of the

SEI layer, corresponding to the semicircle at high frequency.

Table B.4 Calculated results of EIS data for TNO and Fe5-TNO electrode cycled at 5 C.

Rohmic Rer RsEr Ca Cser W
(ohm) (ohm) (ohm) (F) (F) (ohm-s'?)
After 1st galvanostatic cycle at 5 C
TNO 13.2£0.2 3542 5+1 39¢* 1.65 ¢ 562.6
Fe5-TNO 8.2 £0.2 30 +2 3+l 4.7 ¢® 1.55¢® 322.5
After 1000 galvanostatic cycles at 5 C
TNO 8.8 £0.2 40 £2 5+1 52¢® 1.45 ¢ 458.9
Fe5-TNO 4.5+0.2 12 +£2 3+l 1.0e° 1.2¢* 412.4

Note: Simulation method method: Randomize + Simplex, Simulation software: Zfit-Bio-Logic
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C. Supplementary Information for Chapter 5: Ultra-fast-charging and Long-cycling
Titanium Niobate/Reduced Graphene Oxide Anode via Electrophoretic Interfacial

Engineering

C.1. Experimental procedure
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Scheme C.1 (a) Synthesis flowchart of carbon-coated single-crystal Fe-doped TiNb.O7
nanomaterials (C-FeTNO). (b) Experimental flowchart of advanced electrode engineering via
electrophoretic deposition (EPD).

Table C.1 Elemental composition analysis of FeTNO via ICP-OES

Elemental )
Sample name  Molecular formula o Fe Ti Nb @)
composition %
) theoretical 0.5 9.5 20 69.75
FeTNO Feo.05 Tio.9sNb20s.975 .
experimental 0.52 9.46 20.13  69.85
C.2. EPD experiments

Several solvents, including ethylene glycol, isopropanol, ethanol, water, acetonitrile, and

acetone, were tested for their ability to form stable suspensions with FeTNO, C-FeTNO, and GO.
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These solvents were widely applied for previous EPD research[24,25], as listed in Table C.2.
Suspensions with a solid loading of 3 g/L were sonicated for at least 30 minutes prior to settling

tests (Figure C.l) and measurements via Zetasizer instrument (Figure 2(b, ¢) and Figure C.2).

ethylene | g

, isopropanol ethanol water acetonitrile acetone
glycol

(

\

|

‘ & =g
cthylene | ..

glycol isopropanol ethanol water acetonitrile acetone

Figure C.1 Settling tests of suspensions containing (a) graphene oxide (GO) and (b) C-FeTNO
materials in different solvents. Note: Photos were taken after 48 hours of settling.

It was observed that GO formed stable suspensions in all solvents tested (Figure C.1(a)). On
the other hand, FeTNO suspensions were not stable resulting in particle settling. By contrast, stable
suspensions were possible with the carbon-coated FeTNO (C-FeTNO) material. The stabilities of
C-FeTNO suspensions proved to be dependent on the type of solvent, as illustrated in Figure
C.1(b). Significant sedimentation of C-FeTNO was observed in acetone, acetonitrile, and DI water.
Conversely, C-FeTNO particles settled at much slower rate in isopropanol, ethylene glycol, and
ethanol. Overall, the stability of these C-FeTNO suspensions is correlated with the viscosity of the
solvents, as detailed in Table C.2.
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Table C.2 Physical properties of some solvents used in EPD

Viscosit Relative dielectric
Solvents (cP=mPa's =10‘}37 N-s/m?) constant Ref.

ethylene glycol 16.265 37.7 [24-26]
isopropanol 2.044 19.92 [24,25,27]
ethanol 1.089 24.55 [24,25,27]

water 0.890 78.2 [25,26]

acetonitrile 0.369 36.64 [28,29]

acetone 0.309 20.7 [24,25]

Based on the stability observed during the settling test, ethylene glycol, isopropanol, and
ethanol have been selected as candidates for further analysis. Suspensions of C-FeTNO in these
solvents, each at 3 g/L concentration, are prepared to determine the zeta potential, suspension
conductivity, electrophoretic mobility (Table C.3) and to conduct electrophoretic deposition

(EPD) experiments (Figure C.3).

Table C.3 Properties of C-FeTNO suspensions with different solvents

. Suspension Electrophoretic
Materials Solvent Conc.  Zeta potential conductivity Moll))ility
(g/L) (mV) (uS/cm) (um-cm/Vs)
C-FeTNO isopropanol 3 -43 0.339 -0.215
C-FeTNO ethanol 3 -35 1.26 -0.480
C-FeTNO ethylene glycol 3 -6 0.546 -0.029

Although ethylene glycol produced the most stable C-FeTNO suspension with the least
sedimentation, it demonstrates a low electrophoretic mobility of -0.029 um-cm/V's and a low
absolute value of zeta potential (-6 mV), as illustrated in Table C.3. Consequently, neither C-
FeTNO or GO would deposit with strong adhesion onto the Al foil working electrode during the
EPD process, potentially due to low electrophoretic mobilities of charged particles in viscous
media. Conversely, both C-FeTNO and GO in isopropanol suspensions and ethanol suspensions
can be deposited on the Al substrate. These findings are consistent with high electrophoretic
mobilities of C-FeTNO isopropanol suspension (-0.215 pum-cm/Vs) and C-FeTNO ethanol
suspension (-0.480 um-cm/Vs). Notably, isopropanol suspension assembles a more uniform EPD
film than ethanol suspension, which can be contributed the higher quality of suspension as
indicated by the higher absolute value of zeta potential (-43 mV vs. -35 mV) (Figure C.2).

Therefore, the isopropanol was selected as the optimal solvent.
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Figure C.2 Zeta potential of C-FeTNO suspensions (3 g/L) in different solvents

Furthermore, isopropanol suspensions containing C-FeTNO materials (3 g/L), GO materials
(3 g/L), and a mixture of C-FeTNO (2.76 g/L) and GO (0.24 g/L) materials were prepared for
depositing the EPD films. As illustrated in Figure C.3, C-FeTNO EPD film (Figure C.3(a))
exhibits a low deposition rate and low uniformity, whereas GO EPD film (Figure C.3(b)) shows
a high deposition loading and uniform deposition. To improve the deposition rate of C-FeTNO,
GO was added to create a suspension with a mixture of C-FeTNO (2.76 g/L) and GO (0.24 g/L).
After adding GO, the absolute value of Zeta potential, conductivity, and electrophoretic mobility
of suspension increased compared with C-FeTNO as indicated in Table C.4. Finally, the C-
FeTNO/GO film produced via EPD shows a higher deposition loading (Figure C.3(c)). However,

the film uniformity needs to be further improved.

@ };)‘

Figure C.3 EPD film substrates prepared from (a) C-FeTNO suspension (3 g/L), (b) GO
suspension (3 g/L), (¢c) C-FeTNO (2.76 g/L)/GO (0.24 g/L) suspension, and (d) C-FeTNO (2.76
g/L)/GO (0.24 g/L) suspension with 66 ppm LiOAc.
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Table C.4 Properties of isopropanol suspensions with different materials

Zeta Suspension Electrophoretic
Materials Solvent Conc. potential conductivity mobility
/L) (mV) (nS/cm) (um-cm/Vs)
C-FeTNO isopropanol  2.76 -37 0.339 -0.215
GO isopropanol  0.24 -60 0.351 -0.262
C-FeTNO +GO isopropanol 3 -42 0.447 -0.225

To improve the quality of deposition films, various concentrations (66 ppm and 660 ppm) of
LiOAc additives are applied in C-FeTNO (2.76 g/L)/GO (0.24 g/L) isopropanol suspension. The
addition of LiOAc charging agent directly improved the suspension conductivity, absolute value
of zeta potential, and electrophoretic mobilities, with these values increasing as the concentration
increased (Table C.5). As a result, the stabilized C-FeTNO/GO suspension with 66 ppm LiOAc
yields a more uniform deposition film (Figure C.3(d)). Concentration of 660 ppm was not selected
due to the potential risk of adding more impurity in EPD film. More in-depth analysis about the

effect of charging agent are discussed in the Section 3.2.1 (3) of the main manuscript.

Table C.5 Properties of C-FeTNO/GO-isopropanol suspensions with different concentrations of
LiOAc additives

Conc. Zeta Suspension Electrophoretic
Additive Solvent (@/L) potential  conductivity mobility
(mV) (uS/cm) (um-cm/Vs)
0 ppm LiOAc  isopropanol 3 -42 0.447 -0.225
66 ppm LiOAc  isopropanol 3 -70 3.06 -0.354
660 ppm LiOAc isopropanol 3 -93 5.65 -0.477

C.3. Li-ion diffusion coefficient determined by GITT
Li-ion diffusion coefficient can be determined by equation (C.1) by collecting the GITT

data at varying sweep rates.[8,19]

4 mgVy\? (AE,\? 5 )
DLi+, GITT:H(m) (AEt> (T<<L /DLi+) (equatlon Cl)

Where t (s) is the duration time of the constant current pulse (300 s), mg (g) is the mass of active

material, My (g/mol) is the molar mass of active material, Vy; (cm?/mol) is the molar volume of
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the active material, A (cm?) is the contact area between the electrode and the electrolyte; AE; is the
steady-state voltage change stemming from the current pulse during different rest steps, and AE;

is the voltage change during the galvanostatic discharge-charge time (from 1 to t4;;) eliminating

the IR drop.

C.4. EIS Impedance Testing

Figure C.4 illustrates the individual LIB half-cell components: Fe-TNO composite electrode
and Li metal as reference electrode. In the EIS equivalent circuit model, Rohm is the Ohmic
resistance corresponding to electrolyte (dominated) and current collector; and Rer and Car the
faradaic charge transfer resistance and relative double-layer capacitance in the bulk of composite
electrode, related to the single semicircle at high frequencies, W is the Warburg impedance
indicated by a straight line at low frequency, which reflects a combination of the diffusional effects

of lithium ion on the interface between the active materials particles and electrolyte.[11,12]

Li
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Figure C.4 Model of the LIB half-cell and EIS equivalent circuit model.
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D. Equipment and Methods
D.1 Electrochemical Characterization

Conventional electrode fabrication for lithium-ion batteries

Coin cells were assembled for electrochemical testing. TNO active material (80 wt.%),
acetylene black (10 wt.%), and poly(vinylidene difluoride) (PVDF) binder (10 wt.%) were
manually milled with N-Methyl-2-pyrrolidone (NMP) solvent in a mortar and blade-coated on
copper foil (99.99% Cu, 25 um thick, MTI Corporation), followed by drying in an 80 °C vacuum
oven overnight, punching, and calendering. The mass loading of TNO active material was

maintained at 3 £ 0.5 mg/cm?.
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Figure D.1 Conventional electrode fabrication method via slurry cast blade coating.

Advanced electrode fabrication method via electrophoretic deposition

An EPD electrolytic cell (Figure D.2(b)). with a 15 um Al foil working electrode and a
stainless steel counter electrode was set up to have electrode spacing of 7.5 mm and a deposition
area of 4 to 6 cm?. The anodic deposition was operated under different constant voltages (50 V,
100 V, and 200 V) which were controlled by a SourceMeter (Keithley 2611A) instrument (Figure
D.2(a)).

190



Figure D.2 (a) Keithley 2611A SourceMeter used for voltage and current control during EPD
process. (b) Electrode rack setup with two electrodes: a working electrode for deposition (thin
copper/aluminum foil substrate attached to glass) and a counter electrode (thick aluminum
electrode). (¢) EPD suspension container, (d) Substrate deposited with TNO/GO composite
material.

Battery assembly

In an argon-filled MBraun glovebox (Figure D.3(a)), the coin cells (2032) or Swagelok-type
batteries (Figure D.3(b)) were assembled with a TNO working electrode, lithium metal reference
electrode, polypropylene-polyethylene-polypropylene (PP/PE/PP) film separator (Celgard 2300),
and 200 uL 1M LiPFs electrolyte (in EC:DMC:DEC at 2:2:1).
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Figure D.4 (a) The Swagelok-type battery and (b) the coin-type battery utilized for lithium ion
batteries assembling.

D.2 Electrochemical Performance Testing

Galvanostatic charging/discharging cycling testing was performed using a standard 8 channel
battery analyzer (BST8 WA, MTI Corp) (Figure D.5(a)) at varying rate (I C=387.6 mA/g).
Galvanostatic intermittent titration technique (GITT) experiments were performed using an Arbin

standard battery cycler (BT2043-10V-100mA-40, Arbin) (Figure D.5(b)).
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Figure D.5 (a) The MTI battery tester (BST8-WA, MTI corporéio)employed fr battery
galvanostatic cycling tests and (b) Arbin standard battery cycler for galvanostatic intermittent

titration technique (GITT).

Bio-Logic VSP potentiostat/galvanostat system (Figure D.6) operated via EC-Lab software
is used to perform cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS)
testing. The voltammograms were collected at sweep rates of 0.056 mV/s, 0.111 mV/s, 0.278
mV/s, 0.556 mV/s, 1.110 mV/s, and 2.780 mV/s, respectively, operating between 3.0 V and 1.0 V
(vs. Li/Li"). Electrochemical Impedance Spectroscopy (EIS) measurements were carried out under
potentiostatic mode at 3 V operated in the frequency range of 1 MHz to 0.01 Hz under room
temperature. The impedance values are calculated by fitting the Nyquist plot with the equivalent

electric circuit by the Z-fit method using EC-Lab software.

and CV measurements.
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Figure D.6 The electrochemical Wrétatioh (Bio-Logic) used for
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D.3 Material Characterization

X-ray diffraction (XRD)

Throughout this thesis, the crystal structures of materials were characterized by X-ray
diffraction (XRD) using a Bruker D8 Discovery X-ray diffractometer (VANTEC Detector Cu-
Source) (Figure D.7). Scan parameters ranged from 10° to 80° in 26 with a scan rate of 1 °/min
(70 minutes per sample) for normal XRD testing, or a scan rate of 0.05 °/min (about 24 hours per
sample) for refinement analysis. LeBail Refinement was performed with TOPAS (Bruker) V5

software.
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Figure D.7 Bruker D8 Discovery X-ray diffractometer (VANTC Dtector Cu-Source) utilized
for XRD testing.

Scanning electron microscopy (SEM)

Throughout this thesis, crystal morphology structures and elemental distribution were
recorded by scanning electron microscopy (SEM) using a Hitachi SU-8000 Cold Field-Emission
Microscopy (Figure D.8) equipped with in-lens upper secondary electron detector and energy-
dispersive X-ray spectroscopy (EDS) detector (80 mm? X-Max SDD EDS detector, Oxford
Instrument). The Hitachi SU-8000 cold field FE-SEM has a resolution of 0.5 nm at 30 keV and 2
nm at 0.2 keV. The maximum probe current is 30 nA and this allows to perform quantitative x-ray
microanalysis at low voltage and in the STEM mode. SEM images are acquired under using 8mm

of working distance with 30 kV acceleration voltage and emission current of 40 pA.
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Figure D.8 T Hitachi SU-8000 microscope for obtaining SEM and EDX images.

In Chapter 5, the morphological characteristics of materials and cross-section of electrodes
have been determined by the Hitachi SU-9000 cold field-emission SEM/STEM (Figure D.9). This
instrument has a high resolution of 0.16 nm at 30 keV in BF mode and 0.4 nm in SE mode and is
equipped with Oxford Instrument windowless Extreme 100 mm? SDD and energy dispersive
spectroscopy (EDS). SEM images are acquired under using 0.2 mm of working distance with 1.2

kV acceleration voltage and emission current of 20 pA.

Figure D.9 The Hitachi SU-9000 cold field-emission SEM/STEM.

Transmission electron microscopy (TEM)

Throughout this thesis, transmission electron microscopy (TEM), high-resolution
transmission electron microscopy (HRTEM), scanning transmission electron microscopy (STEM),
and selected area electron diffraction (SAED) were carried out on Thermo Scientific Talos F200X

G2 TEM/STEM instrument operated at 200 kV (Figure D.10). The STEM high-angle annular
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dark-field (HAADF) images were acquired at a beam convergence angle of 10.5 mrad and the
detector collection angle of 58-200 mrad. The energy-dispersive X-ray spectroscopy (EDS)
mapping was applied to reveal the elemental composition of Ti (Ka 4.5 keV), Nb (La 2.17 keV),
and O (Ka 0.52 keV).
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Figure D.10 Thermo Scientific Talos F200X G2 TEM/STEM used for morphological
characterization.

Inductively coupled plasma optical emission spectrometry (ICP-OES)

Inductively coupled plasma optical emission spectrometry (ICP-OES) was applied to
determine the Ti concentration and Nb concentration in precursor aqueous chloride solutions, and
the composition of TNO-Precursor, and TNO crystal particles after digestion. All solid samples
were digested in an acid solution (1 wt.% HF and 1 wt.% HCI) before being analyzed on a Thermo
Scientific iCAP 6000 Series ICP spectrometer (Figure D.11). Ti standard solution (1.002 g/L,
NIST Traceable) and Nb standard solution (1.003 g/L, NIST Traceable) were used to prepare

reference solutions with concentrations of 50 ppm, 5 ppm, 0.5 ppm.

Figure D.11 Thermo Scientific iCAP 6000 Series ICP spectrometer used for ICP-OES testing.
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X-ray photoelectron spectroscopy (XPS)

Thermo Scientific Nexsa G2 surface analysis system (Figure D.12) is employed for X-ray
photoelectron spectroscopy (XPS). XPS is utilized to determine the elemental composition (C, Ti,
Nb, Fe, O) and oxidation states. The survey spectrum and high-resolution spectra at the edges of
Ti 2p, Nb 3d, and O 1s were identified. XPS data were analyzed with Thermo Advantage software

and normalized/calibrated referenced to adventitious Cls peak at 284.80 eV.

Figure D.12 Thermo Scientific Nexsa G2 surface anaiysis system for XPS and REELS testing.

Raman microscopy
Raman microscopy was performed using a Thermo Scientific DXR2 Raman microscope,

equipped with DXR 532 nm wavelength laser. (Figure D.13).

Figre D.13 Thermo Scientific DXR2 Raman microscope.
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Fourier transform infrared (FTIR) spectroscopy

Attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy was carried

out using FTIR infrared spectrometer Vertex 70 from Bruker (Figure D.14).

Figure D.14 FTIR infrared spectrometer Vertex 70 from Bruker.

Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH)

In Chapter 3, the N, adsorption/desorption analysis was performed with a Micromeritics
TriStar 3000 apparatus (Figure D.15) to determine the Brunauer-Emmett-Teller (BET) specific

surface area and Barrett-Joyner-Halenda (BJH) pore distribution.

Figure D.15 The Brunauer-Emmett-Teller (BET) Micromeritics TriStar 3000 instrument.

Thermogravimetric analysis (TGA)

In Chapter 3 and Chapter 5, thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) were conducted by using Discovery 5500 from TA instruments (Figure D.16).
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In Chapter 3, the crystallization mechanism of precursors has been investigated by using both TGA
and DSC. In Chapter 5, the mass compositions of carbon and TNO in electrode are determined by
TGA. The analysis was conducted with a ramp rate of 10 °C/min from 25 °C to 1000 oC under an

air atmosphere.

Figure D.16 The thermogravimetric analysis (TGA) Discovery 5500 from TA Instruments.
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