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ABSTRACT

Batteries have been employed in a variety of applications, such as portable electronics,
electric vehicles (EVs), and stationary energy storage to preserve energy from other renewable
sources (like wind or solar energy). The ultimate goal is to develop high energy density, long life
span, better safety, and low cost of the batteries. However, current commercialized batteries (like
lead-acid, zinc-alkaline, lithium-ion batteries (LIBs)) could not fulfill all the demands of diversified
applications. LIBs predominate the market because of their high energy density. To achieve a
higher capacity of the cell, high-nickel layered (Ni > 90%) cathode materials are promising
candidates since they compose high specific capacity and discharge voltage.

In chapter 1, an introduction to cell energy density and the development of high-nickel
layered cathode materials along with associated obstacles of poor cycling stability and thermal
stability have been discussed. Associated works like doping or surface coating have also been
mentioned in this section.

In chapter 2, Al doping in high-nickel layered cathode materials to enhance the structural
and thermal stability was introduced. Uniform incorporation of Al doping is achieved by
mechanical fusion and calcination processes. The Al doping not only decreased the Li/Ni mixing
ratio but also enhance the thermal resistance to oxygen evolution because of strong Al-O bonding,
which leads to elevated electrochemical and thermal stability.

In chapter 3, TiN is implemented as a Ti dopant for high-nickel layered cathode materials
to improve the electrochemical performance in the LIBs. The Ti not only diffused within the bulk
structure but also formed segregation on the surface, which improved the structural stability and

led to better cycling performance.



Although LIBs deliver high energy density, safety concerns of flammable organic
electrolytes have not been resolved yet. Therefore, the aqueous rechargeable zinc-ion batteries (ZIB)
have been praised for their safe, low-cost, eco-friendly stationary energy storage, which is
considered as a complementary system to LIBs.

In chapter 4, the mechanism, advantages, and challenges of ZIBs would be given and the
strategies for solving the zinc metal anode issues have been discussed in this section.

In chapter 5, a polymer coating method was reported to facilitate Zn deposition/ stripping
by coordination with Zn?* and prevented direct contact with aqueous electrolyte to block corrosion
side-reactions. With this coating, a boost in a lifetime (up to 400 hours) and lower polarization
under extremely high current conditions (10 mA cm™2) have been achieved in repeated Zn

deposition/ stripping cycling.
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Chapter 1
Development of High-Nickel Layered Cathode Materials

1.1 Introduction of high-nickel layered cathode

Lithium-ion batteries (LIBs) have been widely used in the market for portable devices or
EVs. To further boost the energy density of the LIBs, high-nickel layered cathodes like
LiNixCoyMn1xyO2 (NCM) and LiNixCoyAlixyO, (NCA) (x> 0.8) have been extensively
investigated in recent years because of their high specific capacity and high operating voltage®®.
Compared to commercialized LiFePO, (170 mAhg?) and LiCoO; (165 mAhg?, due to limited
utilization), high-nickel cathode materials compose a high specific capacity over 200 mAhg™ with
high operation voltage (3.8V) (Fig 1.1)®°. Hence, high-nickel layered cathode materials are the

promising cathode material candidates for the next generation of LIBs.
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Fig 1.1 Comparison of thermal stability, capacity retention, and discharge capacity with different Ni content

in NCM cathode materials®.
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For battery evaluations, the amount of electrical energy storage is the core parameter to be
considered. The energy density defines the total energy stored in a battery per unit mass/volume. It
is calculated based on voltage (V) and capacity (mAhg™). The voltage is the operating voltage of
the battery during charge and discharge processes. The capacity of individual material is

determined by Faraday’s law (Eq 1.1)

nF

Q=m (Eql.1)

Where,
Q (C) = Specific capacity (mAhg™)
n = electrons transfer number
F = Faraday constant
M = molecular mass of material (gmol™)
Subsequently, the specific capacity of electrode materials (Cg) is calculated based on the

specific capacity of the cathode (Cc) and anode (Ca) materials in Eq 1.2
1 1
— = C_C + a (Eql.2)

Therefore, the overall energy density of the battery could be determined by Eq 1.3 from
the specific capacity of the electrode (Cg), the voltage difference between anode and cathode (V),

and the weight ratio of the electrode in the battery (W).
Energy density = Cg * V* W (Eq1.3)
To enhance the energy density of the batteries, efforts have to be paid to improve the

specific capacity of the electrodes, enhance the working voltage of the cell and increase the weight

ratio of the electrodes.



1.2 Structure and reaction mechanism

Layered NCM cathode materials undergo Li* insertion and desertion during discharge and
charge processes. During electrochemical processes under 4.3V, the Ni component undergoes
major redox reactions. Therefore, layered NCM cathode materials with higher Ni content could
deliver higher capacity under the standard operating voltage window. High nickel layered NCM
cathode materials experience similar charge and discharge processes with multiple phase
transitions'®*2, During the charging process, the NCM undergoes hexagonal (H1) — Monoclinic
(M) — Hexagonal (H2) — Hexagonal (H3) phase transitions and reveres in the discharge process
(Fig 1.2). HI->M —H2 phase transitions are stable while H2 to H3 phase transition leads to
contraction of c-axis and shrinkage of the crystal structure. Hence, the repeated H2 to H3 transition
in high-nickel layered cathode results in structural degradation and other problems, which causes

capacity fading and impedance increase.
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Fig 1.2 Typical dQ dV-! curve for Li/NCM811 cells (differential capacity vs voltage)™°.
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1.3 Challenges of high-nickel layered cathode materials

Although high nickel layered cathode materials compose high capacity and high working
voltage, there are two main issues associated with the materials. One is fast capacity fading due to
structural degradation and another is safety concerns of a potential thermal runaway (flammable
electrolytes) at high temperature because of poor thermal stability. The reasons for the capacity loss
include residual lithium compounds, Li/Ni cation mixing, microcracks, oxygen evolution, and layer

to a rock-salt phase transition, etc? 3 23,

1.4 Failure mechanisms for high-nickel layered Cathode materials

1.4.1 Residual lithium components

Residual lithium components are inevitable during the synthesis and storage of high-nickel
layered cathode materials. It results from the excess amount of LiOH during the calcination process
to compensate for the lithium loss and suppress Li/Ni mixing. Additionally, the active cathode
materials react with water and CO in the air to form LiOH and Li.COs during storage. Hence, the
residual lithium components usually contain LiO, LiOH, and Li,COs'**(Fig 1.3). The residual
lithium compounds could initiate gelation of the PVDF binder in the preparation of cathode slurry.
Moreover, Li»COs is oxidized during the electrochemical process to form oxygen gas and triggers

battery swelling®" 8,
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Fig 1.3 Schematic illustration of residual lithium formation (a) during calcination®3, (b) during storage®’.

1.4.2 Li/Ni cation mixing

In high-nickel layered cathode materials, Ni?* has a strong tendency to migrate from
transition metal slab to lithium slab since Ni?* (0.69 A) has a similar radius with Li* (0.69 A). After
Li/Ni mixing, the Ni?" occupies the Li* site, which decreases the mobility of Li* and the capacity
of the cathode material. As a result of thermodynamic instability of high-nickel layered cathode,
the Li/Ni mixing increases with higher Ni content, deeper state of charge, and enhanced
temperature. In addition to the capacity loss, a phase transition occurs at the surface where layered
structure transforms to spinel and finally rock-salt phase (Fig 1.4) *23, The Li/Ni mixing initiates
from the calcination process of cathode synthesis and consecutively deteriorates throughout the

cycling process.
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Fig 1.4 STEM image of the (a) surface of LiNig7C00.15Mng.1502 (b) high-resolution STEM image of the
marked region of (a)® indicates the cation mixed phase and layered structure.

1.4.3 Oxygen evolution reaction (OER)

OER occurs at the deep charged state (delithiated state) of NCM cathode materials.
Especially in high nickel layered cathode materials, the OER onset potential decreases with the
increase of Ni content. For example, the OER onset potential for NCM111 initiates at 4.6 V while
the potential reduces to 4.2 V for the NCM811 cathode material*2. Fig 1.5 illustrates the correlation
of gas evolution with potential, state of charge (SOC), and phase transitions in the high-nickel NCA
cathode?*. It shows that the gas evolution initiates at 75% SOC where H2 to H3 transition also
occurs from 4.1 V. It is suggested that the OER results from thermodynamic unstable H2 to H3
phase transition process in the high-nickel layered cathode material. Based on various mechanism
studies of OER, it is believed that the gas evolution is caused by the oxidation of lattice oxygen in
the unstable H3 phase. The active oxygen intermediates react with electrolyte to generate gas like
CO or COg; in the batteries, which leads to oxygen loss in the crystal structure and structure
transformation upon cycling®. The OER damages the structure integrity and results in potential

thermal runaway.
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Fig 1.5 Correlation of gas evolution with SOC, cell potential, specific capacity, and phase transition in
NCA cathode?.

1.4.4 Phase transition

Because of the Li/Ni mixing and OER in the high-nickel layered cathode materials, the
cation migration and oxygen loss trigger the inevitable layered-spinel-rocksalt phase transition'? 6
7. The transition becomes severe with high nickel content, deep SOC, and enhanced temperature.
The mechanism proposed in Fig 1.6 shows that the layered structure transforms to spinel and rock-
salt structures due to Ni?* migration and OER in the crystal structure?. The transition initiates on
the surface and further propagates into the bulk structure upon cycling. These processes proceed
throughout cycling with electrolyte oxidation and gas evolution, which form NiO rock-salt surface
with low conductivity and high impedance. Furthermore, the phase transition reduces the discharge
working potential and larger polarization, which leads to capacity loss of the high-nickel layered

cathode material.
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Fig 1.6 Schematic illustration of phase transition from layered (R3m) to rock-salt (Fm3m)?.

1.4.5 Microcracks development

During charge/discharge processes, the high-nickel layered cathode materials suffer from
anisotropic volume change, where the mechanical strain of the process leads microcracks along the
grain boundary of the primary particles?’. The volume change is triggered by the unstable H2 to H3
phase transition, where the ¢ axis and cell volume of the crystal structure experience expansion and
contraction during the charge/discharge process?=°. The cross-sectional view of NCA (Ni =0.89)
in Fig 1.7 indicates obvious pulverization and microcracks formation from the center to the surface
at charged state (4.3V)3L. Because of the consecutive volume change of the crystal structure, the
cathode particles would pulverize and expose the fresh surface area to the electrolyte. The

electrolyte penetrates inside the secondary particles and reacts with the exposed surface to generate



new cathode electrolyte interfaces (CEI), which results in impedance enhancement of the L1Bs and

electrolyte consumption within the batteries.

Fig 1.7 Bright-field STEM image of NCA (cross-sectional view) at charged state (4.3V)3L.

1.4.6 Safety hazard

A safety hazard is attributed to the thermodynamic unstable H3 phase in the high-nickel
layered cathode material. In the unstable H3 phase, the generated oxygen intermediates would
either react with electrolytes or generate oxygen gas itself, which causes gas evolution during the
process. Furthermore, the intermediates could migrate to the anode side and react with lithiated

graphite, which causes potential thermal runaway without an internal short-circuit.

1.5 Strategies for high-nickel layered cathode materials

1.5.1 Doping

Doping is one of the most promising methods to improve structural and thermal stability

due to its low cost and high efficiency. Foreign element doping alters the structural environment
9



and changes the structural stability. Hence, various dopants like Al, B, Mg, Ti, Mo, Nb32“® have
been reported in high-nickel layered cathode materials to improve their poor electrochemical and
thermal stabilities. The doping elements could stabilize the crystal structure upon cycling because
the inactive dopants constrain the migration of Ni?* to the lithium site, which suppresses the oxygen
loss and structure evolution from layered to rock-salt. Additionally, some dopants could stabilize
and enlarge the lithium slab to improve the Li* diffusion during cycling, which elevates the
electrochemical stability and rate performance of the LIBs. Among various dopants, Al is one of
the most effective dopants for high-nickel layered cathode materials. Zhao et al. applied Al doping
in LiNio76C00.1Mng 1402 (NCM)*. The Al-doped NCM delivered better rate performance (Fig 1.8a)
in different current densities and maintained a capacity retention of 79.2% after 500 cycles (Fig
1.8b). In the meanwhile, the bare NCM shows lower capacity at a high current rate and suffers
from severe capacity fading especially after 300 cycles. The Al occupies the nickel site in the
transition metal slab and blocks the migration path of Ni?* to the lithium site during cycling. These
features contributed to stabilized layered structure and reduced layered to a rock-salt phase

transition, which improves the overall cycling stability and rate performance of the cathode material.
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Fig 1.8 (a) Rate performance and (b) cycling performance of NCM and Al-doped NCM*,
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In addition to Al doping, Mg?" is also widely used as a dopant in high-nickel layered
cathode materials. Xie et al*®®. implemented Mg doping in LiNioe1C00.002 (NC) cathode and the
electrochemical stability got improved. From the result of the electrochemical performance of the
Mg-doped NC cathode (Fig 1.9), the Mg-doped NC cathode shows higher capacity retention after
150 cycles and higher CE throughout the cycling (Fig 1.9a-b). Moreover, the NC cathode sustains
fast working voltage decline while the Mg-doped NC cathode presents a stable working voltage
plateau (Fig 1.9c-d). It is proposed that the Mg?* would occupy the Li site rather than the TM site
in the crystal structure, where the Mg acts as a pillar to support and stabilize the lithium slab and
results in better cycling stability. Additionally, due to the charge compensation theory, the Mg?*

doping would lead to a valence increase of Ni?* to Ni®*, which reduces the Li/Ni mixing in the

structure.
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Fig 1.9 Electrochemical performance of NC and Mg-doped NC. (a) cycling performance (b) Coulombic
efficiency (c) voltage profiles of NC cathode (d) voltage profiles of Mg-doped NC cathode®.
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1.5.2 Concentration gradient structure

Due to the poor structural and thermal stability of the high-nickel layered cathode materials,
core-shell structured cathode materials have been designed to enhance the electrochemical
performance and thermochemical stability®:4, where high nickel cathode acts as core and low
nickel cathode as the shell. Sun et al*® proposed a multi-compositional cathode structure with
LiNio.94C00.038Mng.0220> as core and LiNio.8sC00.077Mno.0gO2 as the shell. The inner core contributes
to the high capacity and the outer shell provides stability and safety of the cathode material. The
cycling performance of the concentration gradient NCM cathode (CSG90) shows better capacity
retention after 100 cycles compares to conventional chemical compositional NCM cathode (CC90)
(Fig 1.10). This concentration gradient structure lags the H2 to H3 phase transition during

charge/discharge and the outer shell could partially eliminate the microcrack nucleation in the core.
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Fig 1.10 Schematic illustration of concentration gradient structure (left); stable cycling performance is
achieved in CSG90 cathode material®®.

1.5.3 Surface coating

Surface coating on the particle surfaces protects high-nickel layered cathode materials from
attack by HF, electrolyte, or other species. Oxides (Al,Os, TiO2, ZrO,, MgO, etc)%-%, artificial CEI

layers® 62, and phosphates®® are common coating materials for cathodes. Oxides like Al,O3and

12



ZnO could act as a scavenger to eliminate HF attack from the electrolyte. Min et al®®. coated high-
nickel cathode LiNio.91C00.06Mno.030; surface with spinel NCM (Li(NiCoMn).O4) to minimize the
microcracks formation upon cycling (Fig 1.11). The coating spinel phase with outstanding
mechanical strength could limit the excessive volume change during lithiation/delithiation. As a
result, the spinel-coated high-nickel layered cathode generated fewer cracks or voids than the bare

NCM cathode material and achieved over 90% capacity retention after 50 cycles.

Initial

NCM

Fig 1.11 Cross-sectional SEM images of microcracks generation in NCM and spinel coated NCM cathode
materials after 100 cycles®.

In summary, although high-nickel layered cathode materials compose high energy density,
they suffer from poor structural and thermal stability. The H2 to H3 phase transition during cycling
leads to shrinkage and microcrack formation. Phase transition also causes capacity loss and
impedance increase. Various strategies (like doping, surface coating, concentration gradient) have

been employed to solve the issues associated with high-nickel layered cathode materials.
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Chapter 2
Enhanced Structural Stability of High-Nickel Layered Cathode Materials by
Al doping for Lithium-ion Batteries

2.1 Introduction

lithium-ion batteries (LIBs) have been wildly implemented in various applications from
portable devices to advanced fields such as electric vehicles (EVs). Nonetheless, these drastic
extensions require high-energy-density and high safety LIBs, where cathode materials are key
components limiting the boost of LIBs®” 8, Current cathode materials are expected to compose
high specific capacity and low content of expensive cobalt metal * % 7 LiNiO, was firstly
considered as potential cathode material since it possesses a high theoretical capacity (270 mAh g
1) as well as low cost and toxicity’*"3. Nonetheless, fast capacity fading and poor cycling
performance of LiNiO, caused by the formation of unstable phases suppress the practical
applications.” " Hence, substituting Ni with other elements like Co or Mn (Ni > 90 %, Co < 10 %)
as high nickel layered cathodes is an alternative strategy to replace LiNiO, because they involve
high capacity 2 and high stability. 6%

However, high nickel layered cathodes sustain poor electrochemical performance and
thermal stability since the lattice structures are unstable during charge/discharge processes and
side-reactions occur at the interface that damages the active materials. During cycling, Ni?* would
potentially migrate from the transition metal layer (TM layer) to the lithium layer (Li layer) because
they compose similar cationic sizes. The migration would result in Li/Ni mixing and block Li*
diffusion and trigger irreversible phase transition (layer to spinel or even rock salt).8% Moreover,

lattice structure at a highly delithiated stage would lead to an oxygen evolution reaction and oxygen
14
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loss from the lattice, which could give rise to the thermal runaway and capacity fading.!? 84
Consequently, it is critical to stabilizing the lattice structure and interface of the high nickel layered
cathode during cycling.

To solve these issues associated with the high nickel layered cathode materials, structural
modifications, surface coatings, electrolyte optimizations, and doping methods have been
extensively implemented. For example, designing a concentration gradient cathode structure with
high nickel at the interior core and low nickel at the outer surface could efficiently lower the
interfacial reactivities, which extends cycle life and delivers better capacity retention.® Moreover,
surface coating strategies like metal oxide, phosphate, fluoride, or other conductive material
coatings can prevent direct contact with electrolyte at the interface and lead to better stability .8-%
Besides, electrolyte optimizations are also employed to establish a stable interface on the cathode,
which efficiently elevates cell performance.®*% However, among all these strategies, cation doping
is one of the most practical and scalable solutions. % %1% Especially of AI**, which has been
comprehensively studied since it can promote structural stability to achieve better cycling
performance and thermal stability. The Al dopant can restrain Ni?* migration and possesses stronger
Al-O bonding in TM layer 19112 A tiny amount (<5%) of Al can fulfill the optimization of the
cathode material since Al is inert during the charge and discharge processes.** 14 Within diverse
coating methods on the precursors, the dry coating is one of the most practical methods for industry
synthesis since it avoids additional steps to dispose of the waste solution from wet coating approach.

In this work, we implemented nano-sized Aluminum oxide and hydroxide to dope high
nickel layered low cobalt cathode materials (Fig 2.1). Dry coating methods (ball milling,
mechanical fusion) were carried out to achieve a uniform layer on the precursors’ surface.
Compared with dry coating methods, wet coating suffers from low yield, complicated steps, and
extra waste management. Thus, dry coating strategies prove more scalable and low-cost

manufacture for practical productions. After careful analysis and characterization of Al-doped high
15
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nickel layered cathode materials, detailed Al distributions and functions have been carefully
investigated in this chapter. The Al-doped NCM cathode materials demonstrate significant
improvement in cycling stability, rate performance, and thermal stability at increased temperatures.

Such advancement contributed from the stabilized bulk structure by Al doping.

High Ni layered Al coated Al doped
cathode precursor NCM precursor high Ni layered NCM

o=

Fig 2.1 Schematic illustration of the synthesis of Al-doped high Ni layer cathode materials by the dry coating
process.

Calcination

——

Al dopants

dry coating

2.2 Experimental section

2.2.1 Material Synthesis

LiNio.92C00.055Mno 025 (NCM) is synthesized through calcination where LiOH H-0 (Sigma-
Aldrich) and Nio.92C00.0ssMno.02s (Molar ratio 1.05:1) undergoes a two-step annealing process at
480 <C for 5 hours and 715 <C for another 15 hours under an oxygen atmosphere. For Al-doped
NCM by dry coating processes (NCM_AI), Nio.92C00.05sMng.o25 precursor, and nano-size AI(OH);
(98.5%:1.5%) were mixing thoroughly by ball milling or mechanical fusion machine (Wuxi
Taixian Powder Science and Technology Co., Ltd) with proper time and speed. The mixtures

subsequently experience the same calcination condition with LiOH H,O as NCM.
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2.2.2 Material Characterization

The specific area of cathode precursors was evaluated by Brunauer-Emmett-Teller (BET)
Micromeritics ASAP 2000 BET apparatus equipped with liquid nitrogen. Chemical composition
analysis of the cathode material was measured by Inductively Coupled Plasma Emission
Spectrometry (ICP-AES) Thermo iCAP 7400. Morphologies of cathode materials were conducted
via scanning electron microscope (NanoSEM 630). Elemental mapping of the Al-doped samples
was carried out by energy-disperse X-ray spectroscopy (EDS) with SEM. Cross-sectional images
of cathode samples were prepared by the Leica lon milling machine. X-ray powder diffraction
(XRD) Rigaku Miniflex II spectrometer with Cu K, radiation was employed to collect the structure
information from 10<to 80<with 0.02<scan step. GSAS program was used for Rietveld refinement
to obtain detailed crystal parameters. The HAADF-STEM imaging and EDS mapping were
performed on the aberration-corrected JEOL JEM-ARMZ200CF in PNNL. The thermal stability test
was taken by differential scanning calorimeter with TA Instruments Q2000 with Refrigerated
Cooling System (RCS90) (DSC). The cathode electrodes for DSC were charged to 4.3 V with CC-
CV mode. Subsequently, the electrodes were disassembled and washed with DMC in the Argon-
filled glovebox. Then, the electrodes were scratched off the current collector then dried under
vacuum to remove the solvent. DSC was measured under a heating rate of 5 <€ min* from 25 <

to 350 <C in a sealed aluminum pan.

2.2.3 Electrode fabrications and Electrochemical Tests

Cathode electrodes were fabricated by mixing the active material, super C, and
polyvinylidene fluoride (PVDF) (Sigma-Aldrich) in an 8: 1: 1 ratio in N-methyl-2-pyrrolidone

(NMP) (Sigma-Aldrich) solvent. The slurry then was cast on aluminum foil through the doctor
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blade to achieve a similar loading amount of about 3 mgecm-2 and subsequently put into a vacuum
oven over 12 hours to obtain thoroughly dry electrodes. CR2016 coin cell type was implemented
for half-cell and assembled inside Argon-filled glovebox (H-O< 0.1 ppm, O2< 0.1 ppm). LP71
electrolyte (Gotion Company) composed of 1M LiPFg in a mixture of ethylene carbonate (EC):
diethyl carbonate (DEC): dimethyl carbonate (DMC) [1:1:1 w/w] was used in the half cells. The
cycling performance of the half cells was measured between 2.7-4.3 VV under 1C (0.2 A/g) with
three activation cycles at 0.1C. Rate performance was tested in the same voltage window with
various current densities (0.1, 0.2, 0.5, 2, 5C). Galvanostatic intermittent titration technique (GITT)
was carried on Landt system with a pulse of 0.1 C for 10 mins followed by one hour’s rest. The
processes would finish when the cells reach cut-off voltage (4.3 V). Electrochemical impedance
spectroscopy (EIS) measurements were tested from frequency 1M Hz to 10 Hz with 5 mV potential

perturbation.

2.3 Results and Discussions

2.3.1 Ball milling coating method

Although Al doping could improve the structural stability of the NCM cathode, too much
Al would sacrifice the capacity of the materials. To figure out optimized Al doping for the high
nickel layered NCM cathode, two Al dopant precursors (Al.Os and Al(OH)s) with different
concentrations were mixed with NCM precursor to undergo ball milling processes. A speed of 250
RPM has been chosen for the ball milling process because higher speed might damage the integrity
of NCM precursors and low speed could not proceed with homogenous mixing.

Concentrations of Al,O3(0, 0.5, 1, 2 wt%) were selected to undergo doping processes with

high nickel NCM precursors to synthesize corresponding cathode materials. The obtained materials
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were subsequently made into electrodes and paired with Li metal anode as half cells to examine
electrochemical performance at room temperature shown in Fig 2.2. The voltage profiles of the
half cells with different Al-doped cathode materials are shown in Fig 2.2a. Bare NCM
(BM_NCM _bare) delivers the highest discharge specific capacity with 217 mAhg™, while the
capacity drops with an increasing amount of Al.O; doping. This is caused by the Al doping is
inactive and would not participate in electrochemical processes during cycling. Although Al doping
decreases the initial discharge capacity, the cycling stability of the cells has been optimized
significantly (Fig 2.2b). Fast capacity fading occurs in the cell with Bare NCM cathode due to the
unstable structure, where the capacity retention drops to only 70% after 200 cycles. Among various
Al-doped NCM cathodes, 0.5% Al.O; doped NCM cathode demonstrates better capacity retention
but discharge capacity is lower than bare samples after 200 cycles. 2% Al,Os; doped NCM shows
the most improved capacity retention (86.7%) but too much Al,Ozdopingresults in a lower specific
capacity. Therefore, 1% Al,Oz; doped NCM cathode illustrates both high specific capacity after 200
cycles and good capacity retention (84.8%), which is the optimized concentration for Al,Oz doping.
Overall, although Al,O; doping would sacrifice some specific capacity of cathode materials, the

cycling stability could be greatly boosted due to stabilized bulk structures.
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Fig 2.2 Electrochemical performance of Al,O3;doped NCM in different concentrations (a) Initial charge and
discharge voltage profile at 2.7 - 4.3 V. (b) Cycling performance and coulombic efficiency at 1C.
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Crystal structure information is collected by X-Ray Diffraction (XRD). The patterns

suggest all the NCM and Al.Os; doped NCM compose the same rhombohedral a-NaFeO; structure
(R3m space group) without impurity peak (Fig 2.3). During the calcination process, Ni** would
migrate to the Li* layer due to a similar radius to cause Li/Ni mixing. The ratio between (003) and
(104) peak intensity is an important parameter to evaluate the level of Li/Ni mixing. The higher
ratio in the Al-doped NCM layered cathode material indicates a lower degree of Li/Ni mixing in
the material, where fewer Li sites are occupied by Ni?* and more active Li* could transfer in the
layer structures. Additionally, the Rietveld refinement results in the reasonable fitting of the
simulated and experimental XRD patterns of bare NCM and BM_NCM_1%Al.0; (Fig 2.3). The
a-axis and c-axis changes result from Al doping and reduced Li/Ni mixing ratio matches with the
higher (003)/(104) ratio of the sample. These evolutions further suggest that Al,O; has diffused

within the bulk crystal structures and limited Ni?* migration to achieve a lower Li/Ni mixing ratio.
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Fig 2.3 XRD patterns of NCM and Al-doped NCM cathode materials (upper). Rietveld refinement results of
XRD for BM_NCM_bare and BM_NCM_1% Al,Os.
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In addition to Al;Os as a dopant precursor, nano-sized Al(OH); particles have also been
implemented to dope high nickel layered NCM cathode since Al(OH); is more closed to NCM
precursor hydroxide (Nio92C00.0s5Mngo2s(OH)s) structure. To maintain the same molar Al
concentration with Al,Os doping, concentrations 0, 0.75, 1.5, 3 wt% of Al(OH)3 have been selected
to dope NCM cathode materials. The Voltage profiles of half cells with various Al(OH); doped
NCM cathode electrodes have shown in Fig 2.4a. Similarly, with increasing concentration of
Al(OH)s, the discharge specific capacity has decreased due to inactive Al components in the
cathode materials. However, the cycling performance of the cells with AI(OH); doped NCM
cathode demonstrates improved cycling stability in Fig 2.4b. Especially, NCM with 1.5% AI(OH)3

delivers better cycling stability without too much capacity loss in the initial cycle.
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Fig 2.4 Electrochemical performance of Al(OH)s;doped NCM in different concentrations (a) Initial charge
and discharge voltage profile at 2.7 - 4.3 V. (b) Cycling performance and coulombic efficiency at 1C.

Therefore, 1% Al,O3 and 1.5% Al(OH); are selected to be the optimized concentration for
Al;O3 and AI(OH); doping in NCM cathode materials. When compares to each other, AI(OH);
doping delivers a higher initial specific capacity than Al,Os (Fig 2.5a). Additionally, although both
Al(OH)z and Al,O3; doping improve the overall cycling stability, AI(OH)s doped NCM cathode
could provide higher capacity in the initial cycles (Fig 2.5b). Thus, Al(OH)s is considered as a
more suitable Al dopant for high Ni layered NCM cathode and applied for further experiments in

this chapter.
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Fig 2.5 Electrochemical performance of bare, 1.5% AI(OH); doped, 1% Al,O; doped NCM (a) Initial charge
and discharge voltage profile at 2.7 - 4.3 V. (b) Cycling performance and coulombic efficiency at 1C.

The morphology of cathode materials with and without Al doping has been observed

through SEM (Fig 2.6). The secondary particles of bare NCM (BM_NCM _bare) (Fig 2.6a) and

Al-doped NCM (BM_NCM_AI) (Fig 2.6b) compose similar particle sizes around 5~7 um. To

understand the Al doping distribution within the NCM cathode materials, the secondary particle of

BM_NCM_Al was cut by a focused ion beam (FIB) to obtain Al mapping inside the NCM cathode

material (Fig 2.6¢-f). With the EDS mapping of Co, Ni, Al, itis confirmed that the Al has penetrated

the bulk lattice during calcination.

Fig 2.6 SEM images of (a) BM_NCM_bare and (b) BM_NCM_1.5 % AI(OH)s. (c) SEM cross-sectional
image of BM_NCM_1.5% Al(OH)3 particle. (d-f) SEM EDS elemental mapping of the particle in (c)
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Rate performance represents the capability of cathode materials to undergo fast
charge/discharge processes, which is shown in Fig 2.7a. With increasing current density from 0.1
C to 5 C, the BM_NCM_bare cathode material sustains serve capacity fading while the capacity
retention drops to only 72% at 5C. However, the BM_NCM_AI cathode material delivers sluggish
fading and maintains 88% capacity retention under 5C. The impedance is one of the key factors
influencing the rate capability. Hence, impedance spectra by EIS have also been investigated to
reveal the impedance evolution of the cells with different cycles (Fig 2.7b-c). The impedance data
is collected at the 1%, 10™, 50", 100" cycle (activation cycles are excluded). In the BM_NCM _bare
cathode, the initial resistance is high and increases dramatically after cycling because the structure
undergoes degradation which would hinder electron transfer and increase the polarization.
Moreover, microcracks generate fresh surfaces and induce CEI formation. Nonetheless, in the
BM_NCM_AI cathode, the impedance experiences limited growth during cycling since Al doping
stabilizes the bulk crystal structure during cycling. Thus, the Al doping stabilizes the bulk structure

and leads to lower impedance during cycling, which attributes to improved rate capability.
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Fig 2.7 (a) rate performance comparison from 0.1 C to 5 C. EIS evolution from 1 to 100" cycle.
(b)BM_NCM_Bare (c) BM_NCM_AI.

In general, through the ball milling dry coating method, Al(OH)s nano-sized particles could
diffuse within high Ni layered NCM cathode to lower the Li/Ni mixing ratio and stabilize the crystal
structure. These benefits contribute to better cycling stability, rate performance, and lower
impedance upon cycling.
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2.3.2 Mechanical fusion method

Although the ball milling method could achieve Al doping in the high nickel layered NCM
materials, it would also damage the integrity of NCM secondary particles since collision breaks
spherical particles into small portions and generate the fresh surface of the cathode material (Table
2.1). The freshly generated surface would consume extra electrolytes to form the CEI and lead to
polarization enhancement, which results in poor electrochemical performance (Fig 2.8a). Therefore,
we implement another mechanical fusion dry coating method to achieve Al doping into high nickel
layered NCM cathode (MF_NCM_AI). During the process, Al(OH)s; nano-particles could disperse
by shear force and adhere to NCM precursor’s surface by mechanical friction rather than collision

as shown in Fig 2.8b-d.

Samples BET Surface Area (m?/ g)
NCM_ Al (Mechanical Fusion) 9.4003
NCM__Al_(Ball Milling) 15.3599

Table 2.1. BET surface area analysis of coating AI(OH)s with mechanical fusion and ball milling methods
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Fig 2.8 (a) SEM images of high nickel layered cathode precursor after ball milling. The integrity of spherical
particles has been damaged (b) SEM images of high nickel layered cathode precursor after mechanical fusion.
The spherical morphology is well maintained. (c-d) EDS elemental mapping of the particle in (b).

Learned from the experience from the ball milling method, 1.5 wt% nano-sized Al(OH);
is selected as Al dopant concentration to undergo mechanical fusion with NCM precursor and
generate Al-doped high nickel layered cathode material (NCM_Al). The elemental compositions
of cathode materials were measured by ICP-AES (Table 2.2). The ICP results indicate that high Ni
layered NCM contains 92% nickel (91.8%/5.6%/2.6% Ni/Co/Mn) while the NCM_Al cathode

material contains 1.9% Al (90.1%/5.5%/2.5%/1.9% Ni/Co/Mn/Al).

Samples Ni (%) Co (%) Mn (%) Al (%)
NCM 91.83 5.63 2.54 -
NCM Al 90.13 5.5 2.5 1.87

Table 2.2. ICP results of the high nickel layered NCM and NCM_Al.

The morphology of high nickel layered material NCM and NCM_Al observed from SEM
is demonstrated in Fig 2.9. Both cathode materials consist of nano-sized primary particles and
compose spherical secondary particles with a diameter of around 3~4 um (Fig 2.9a-b). The cross-
sectional view of the secondary particles shows that both materials contain packed interior
morphology without large voids or crack in the pristine materials (Fig 2.9c-d). To further
investigate Al doping distribution in high nickel layered NCM cathode, high-angle annular dark-
field imaging in scanning transmission electron microscope (HAADF-STEM) has been applied to
verify the allocation of Al element (Fig 2.10). EDS mapping reveals that the Al dopant forms a
solid solution and uniformly penetrates within the bulk structure of NCM_AI during the calcination

process.
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Fig 2.10 HAADF-STEM elemental distribution of NCM_Al pristine particle.

XRD patterns (Fig 2.11) indicate both the NCM, NCM_All cathode materials have the same
rhombohedral a-NaFeO, structure (R3m space group) without impurity peak. The splitting of
(006)/(012) and (018)/(110) represents the level of the ordered layered structure where both cathode
materials compose a highly ordered layered structure (Fig 2.11a).%® 1% The Rietveld refinement

results show the rational fitting of the simulated and experimental XRD patterns for NCM and
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NCM_AI cathode materials (Fig 2.11b-c, Table 2.3). The ratio of (003)/(104) suggests the Li/Ni

mixing, where the higher ratio infers less Li/Ni mixing and better electrochemical performance.

The ratio has been increased in the NCM_AIl sample, which indicates that the Li/Ni mixing has

been decreased after Al doping and the calculated result of the Li/Ni mixing ratio in Table 2.3

supports this conclusion. These evolutions infer that Al has diffused within the high Ni layered

crystal structure.” The decline of lattice parameters in the NCM_Al samples is caused by the AI®*

(0.535 A) substitution of the transition metal ions.
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Fig 2.11 (a) XRD patterns of pristine NCM and NCM_AI cathode materials. (b-c) Rietveld refinement
results of XRD for NCM and NCM_A.

a-axis (A) b-axis (A) c-axis (A) c/a vol (A3) Li/Ni mixing
NCM 2.8841 2.8841 14.2325 4.935 118.39 6.19%
NCM_Al 2.8780 2.8780 14.2293 4944 117.86 5.16%

Table 2.3. Lattice parameters and Li/Ni mixing for NCM and NCM_Al.
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The essential electrochemical performances of NCM and NCM_Al are shown in Fig 4.12.
The initial charge and discharge curves (0.1 C) (Fig 2.12a) suggest the NCM cathode material
delivers a higher discharge specific capacity (218 mAhg?) than the NCM_AI cathode (213.8 mAhg
1) but the coulombic efficiency (CE) of NCM_Al increases to 89.4%. This is because the inactive
Al substitutes Ni in NCM_Al and leads to specific capacity decline. Cycling performance and CE
during cycling (1C rate) are presented in Fig 2.12b. Although NCM_AI delivers a lower specific
capacity (191 vs 197 mAhg™), the capacity retention and specific capacity after 200 cycles show a
significant distinction compared with NCM cathode material. The capacity retention of NCM-Al
remains 86% compared to only 70.7 of NCM cathode. The specific capacity reserves over 164
mAhg?* while the NCM cathode only delivers below 140 mAhg*. Rate performance (Fig 2.12c) is
carried out from the current rate of 0.1 C to 5 C between 2.7 V and 4.3V. NCM and NCM_AlI
cathode materials deliver similar specific retention at initial 0.1 C, but NCM cathode suffers from
serious capacity fading with an increase of current density while NCM_AI cathode maintains
rational 81.0% capacity retention under 5C. These results suggest Al doping in NCM_AI could
enhance the cycling stability as well as the rate performance, which results from the stabilized
crystal structure by mechanical fusion Al doping. The average charge and discharge voltage over
200 cycles are shown in Fig 2.12d. The NCM cathode experiences an evolution from 0.257 V to
0.788 V after 200 cycles while the NCM_AI cathode only increases from 0.227 V to 0.472 V. Both
materials deliver similar charge and discharge curves in the initial cycle. However, upon cycling,
polarization increases dramatically within the NCM cathode while the NCM_Al cathode undergoes
a modest polarization enlargement. These results suggest fast decay and polarization enlargement
of NCM cathode, which may result from the structural deterioration and enhancement of impedance

upon cycling while NCM_AlI shows better structural stability due to Al doping.
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Fig 2.12 Electrochemical performance of NCM and NCM_Al (a) Initial charge and discharge voltage profile
at 2.7 - 4.3 V. (b) Cycling performance and coulombic efficiency at 1C (c) rate performance comparison
from 0.1 Cto 5 C. (d) evolution of the average charge/discharge voltage over 200 cycles.

To explore the mechanism of the enhanced performance by Al doping in high nickel
layered cathode, dQ dV* curve of cathode materials illustrates the electrochemical processes during
charge and discharge, which has been shown in Figure 2.13(a). Both cathode materials undergo
similar steps of phase transitions (hexagonal (H1) — Monoclinic (M) — Hexagonal (H2) —
Hexagonal (H3)) during the charging process and reverse back after the discharge process.!*® The
redox peaks corresponding to the H2 — H3 transition during the charging process, which is
extremely important since structural deterioration and safety hazards (gas generation) may occur
due to the poor stability of H3 phase.? % 112116 After Al doping by mechanical fusion, the H2 to
H3 redox peaks in NCM_Al cathode migrates to a higher voltage and intensity shows an obvious
decline, which indicates the postponement and decreased intensity of detrimental H2 — H3
transition during cycling. This explains that the NCM_AI cathode materials possess stabilized

cycling performance in long-term cycling.
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Fig 2.13 dQ €V curves of (a) the first charge and discharge curves of NCM and NCM_ Al (b) magnification
of selected region represented H2 to H3 phase transition from (a).

To investigate how Al doping influences the crystal structure and improves the overall
cycling performance, it is significant to investigate the distribution of Al since it associates closely
with structural stability. With HAADF-STEM, it is found that the Al not only diffuses within the
bulk crystal structure but also generates an Al concentrated layer at the surface (Figure 2.14a,b)
after cycling. This rearrangement of Al is caused by the nickel migration upon cycling**’. A line
scan from bulk to the surface indicates a concentrated Al layer with a thickness of 2 nm has been
generated on the surface. The EDS mapping of NCM_Al after cycling (Figure 2.15) confirms the
Al has uniformly distributed within the bulk structure. Once in a while, the Al accumulates and
forms a continuous layer near the surface. It infers the NCM_AIl would generate a core-shell
structure with low Al in the core and Al concentrated layer as a shell.*” 18 Additionally, it also
shows a phosphate enriched cathode electrolyte interphase layer at the surface with a thickness
around 4 nm. For NCM cathode (Figure 2.16), although phosphorus signal has been detected, there
is only a scattered and discrete signal on the surface which indicates non-uniform CEI formation.
XPS has been employed to detect chemical compositions on the cycled electrode (Figure. 2.17).
The F 1s spectra suggest the LiF component is higher in the NCM_AI than the NCM cathode

materials after 120 cycles. The higher content of LiF comes from the decomposition of LiPFs salt,
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which corresponds to the phosphate enriched CEI layer.!® Although electrolytes would decompose
at the interface, it would form a stable protection layer which is beneficial to the Li* transport at
the interface and results in smaller polarization and stable interface, which leads to improved and

stabilized cycling performance.
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Fig 2.14 STEM-HAADF image of (a) NCM_AI after 120 cycles. (b) Atomic compositional profile of Ni,
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Fig 2.15 HAADF-STEM image of NCM_Al after 120 cycles and corresponding EDS mapping of NCM_Al
after 120 cycles.
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Fig 2.16 HAADF-STEM image of NCM after 120 cycles and corresponding EDS mapping of NCM after
120 cycles.
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Fig 2.17 XPS spectra (a) C 1s, (b) F 1s, and of NCM and NCM_Al after 120 cycles.
The reconstruction layer evolutions on the surface are measured by HAADF-STEM
(Figure 2.18). At pristine state, similar nm level reconstruction layers have been observed on the

surface of primary particles of both cathode materials (Fig 2.1c-d). This layer is reported to block
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Li-ion diffusion and results in an impedance increase. NCM_AI contains a thinner reconstruction
layer within 2 nm. After cycling, there is a thicker reconstruction layer about 13 nm covered on the
NCM surface while the NCM_AI only shows a thin layer (3 nm) which is similar to the pristine
layer thickness. These results suggest that the Al doping would suppress reconstruction layer
growth since Al would occupy the site in the transition metal layer and limit the Ni migration to
form an irreversible rock-salt layer (reconstruction layer). Moreover, the construction layer is Al

concentrated at the outer surface which protects the cathode material upon cycling.
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Fig 2.18 HAADF-STEM images of pristine (a) NCM, (b) NCM_AI, cycled (c) NCM, (d) NCM_Al The
regions between the red and orange line represent the reconstruction layer on the primary grain’s surface.

Cross-section SEM images have shown the inner structure deformation of cathode
materials after 200 cycles (Figure 2.19). NCM cathode material (Figure 2.19a) after 200 cycles
generates cavities and intergranular cracks from the center of secondary particles which is
distinguishing from its pristine close-packed morphology (Figure 2.9c). This variation is caused

by the anisotropic lattice change during long-term cycling.*® 2 However, in the NCM_AI (Figure
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2.19b), there are no obvious cracks or cavities in the secondary particles and show smooth
morphology. This morphology difference refers to that the NCM_ Al has better intrinsic mechanical

strength against anisotropic lattice distortion which results in fewer intergranular cracks.

Fig 2.19 Cross-section SEM images of (e) NCM, (f) NCM_Al after 200 cycle.

Impedance is also an important factor to influence polarization and rate performance during
cycling. Therefore, EIS is implemented to detect impedance evolution upon cycling. The
impedance data is collected at the 1%, 10", 50" and 100" cycles (formation cycles are excluded).
The data consists of two semicircles. The first one in high-medium frequency corresponds to the
surface film resistance (Rs) and the second semicircle indicates the charge transfer (Rc) on the
cathode.® NCM cathode experiences fast impedance growth due to rapid reconstruction layer
growth at the surface and structural degradation within bulk crystal structure (Fig 2.20a). However,
NCM_AI cathode only experiences a small raise of impedance (Fig 2.20b). This evidence supports
the Al doping can limit the reconstruction layer growth and generate a stable CEI layer on the
surface, which further protects the interface and leads to stable long-term cycling performance.®
116 The chemical Li* diffusivities of both cathode materials are investigated by galvanostatic
intermittent titration technique (GITT) in Fig 2.20c. The results suggest the Li* diffusivity gets
improved after Al doping by mechanical fusion. The boosted diffusivity may due to the stable CEI
formation and thinner reconstruction layer formation on the surface which leads to better rate

capacity.
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Fig 2.20 EIS evolution from 1% to 100" cycle of (a) NCM (b) NCM_AI. (c) Measured diffusivities Dy
during charge process for NCM and NCM.

Thermal Stability: Differential scanning calorimeter (DSC) profiles have been
implemented to evaluate the thermal stability of cathode materials at charged state (4.3 V) because
safety is one of the significant concerns in practical LIBs. Figure 2.21 shows the exothermic peak
temperatures for both cathode materials. For high nickel content cathode (Ni > 0.9), phase
transitions (from layered to spinel and then to rock salt structure) accompanied by oxygen evolution
would occur at a raised temperature. Transition metal ions would migrate to the Li layer through
adjacent tetrahedral sites and oxygen evolution reaction would also take place simultaneously. The
charged NCM exhibits an exothermic peak at 202.5 < which is 10 T below NCM_AI cathode
material. The improved resistance to phase transition and oxygen evolution reaction in NCM_Al
suggests that the Al doping can alleviate cationic migration and oxygen generation due to stronger
Al-O bonding after doping.t?*12 All these data infers the Al doping results in enhanced thermal

stability at elevated temperature.
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Fig 2.21 DSC profile of NCM and NCM_ Al at charged state (4.3 V).

2.4 Conclusion

In this work, Al-doped high nickel low cobalt layered cathodes by a dry coating method (ball
milling and mechanical fusion) has been systematically investigated and compared with NCM
cathode material. The electrochemical performance and thermal stability have been significantly
boosted since Al doping decreases the Li/Ni mixing ratio and stabilizes the crystal structure upon
cycling. Additionally, Al doping limits the reconstruction layer growth and generates a
concentrated layer on the surface to protect active material. Remarkably, NCM_AI delivered
enhanced capacity retention 86.0 % over 200 cycles and the exothermic peak is 212.4 <C (10 <T
higher than NCM). Overall, the Al-doping through dry coating provides a cost-efficient and
scaleable path to improve the electrochemical and thermal stability for high nickel layered cathode

materials.
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Chapter 3
Titanium Doping of High-Nickel Cathode for Enhanced Structural Stability

of Lithium-lon Batteries

3.1 Introduction

In recent decades, lithium-ion batteries (LIBs) have been developed to become the main
source for advanced electric vehicles (EVS) because of their high energy density and long cycle
lifel>. Therefore, high-nickel layered NCM cathodes (LiNixCoyMn1.«,O02, X >0.9) are considered
as promising cathode materials for next-generation LIBs due to their high capacity and low cost®*.

However, high-nickel layered NCM cathodes sustain rapid capacity fading and poor
cycling stability’ 7. This instability is mainly caused by structural degradation and undesired side
reactions. During cycling, the cathode materials undergo reversible H2 to H3 phase transition
around 4.2 V, which would trigger contraction and expansion of the materials'®*2. This volume
change contributes to internal microcracks and electrolyte infiltration upon cycling®. These
mentioned obstacles hinder the practical applications of high-nickel layered NCM cathode
materials in LIBs.

Previous studies suggest several strategies to solve these challenges, where doping is one
of the most efficient and scalable methods®*“8, The doping method is suitable for scale-up
production and stabilizes the crystal structure of the cathode material*®. Some competent dopants
like AI**, Zr**, Mg?", have been reported to enhance structural stability, which elevates the
electrochemical performance of the cathode materials. Among various doping selections, Titanium
(Ti) doping in NCM could also improve the electrochemical performance but the mechanism in Ti-

doped NCM is still unclear?412,
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Hence, we applied nano-sized TiN as a precursor to achieving Ti doping in the high-nickel
layered cathode material (NCM_Ti). TiN is uniformly dispersed and adhered to the surface of the
NCM precursor by mechanical fusion dry coating. During calcination, the TiN precursor transforms
into two types of TiO, with different crystal structures, which achieves distinct Ti distribution
within NCM. Moreover, Ti doping by TiN in NCM refines the primary particle growth and
decreases their sizes. Because of this, comprehensive structural and electrochemical analyses have

been implemented to reveal the effects of Ti doping in the high-nickel layered cathode.

3.2 Experimental section

3.2.1 Material Synthesis

The LiNio92C00055Mno2502 (NCM) and  LiNio.90sC00.054MnNo.025 Tio.01502  (NCM_Ti)
cathode were synthesized via co-precipitation and calcination processes. Precursor
[Nio.02C00.055Mno.025] (OH). was synthesized by the co-precipitation process. NiSO4, CoSO4, and
MnSO4 were dissolved in de-ionized water to achieve proper concentration. Subsequently, mixed
metal-containing solution (Ni: Co: Mn =92: 5.5: 2.5 in molar ratio), NaOH, and NHsOH solutions
were filled in a tank reactor with deionized water inside. Nitrogen gas flow was continuously
pumped into the reactor to remove O and keep the inert atmosphere inside. After co-precipitation,
the precursor experienced washing, filtering, and vacuum drying processes to get the final product.

To obtain NCM cathode material, the precursor [Nig.92C00.0s5sMnNg.025] (OH)2 was mixed with
LiOH H20O (Sigma-Aldrich). Then, the mixture was calcinated at 480 <C for 5 hours and 715 <C
for 15 hours under an oxygen atmosphere. To obtain NCM_Ti cathode material, TiN was mixed
with NCM precursor by mechanical fusion machine. Subsequently, the modified NCM precursor

with LiOH H,0 was calcinated under the same process as NCM.
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3.2.2 Material Characterization

The chemical composition of cathode materials is analyzed by Inductively Coupled Plasma
Emission Spectrometry (ICP-AES) Thermo iCAP 7400. The morphology and cross-sectional
images of cathode materials are conducted by SEM. Elemental mapping of Ti-doped NCM is taken
by energy-disperse X-ray spectroscopy (EDS) with SEM. To observe the cross-section of
secondary particles of cathode materials, the prepared electrode was cut by the Leica lon milling
machine. Crystal structure information is collected by X-ray powder diffraction (XRD) Rigaku
Miniflex IT spectrometer with Cu K, radiation from 10-80 degree with a 0.02°scan step. Rietveld
refinement is implemented via the General Structure Analysis System (GSAS) program to obtain
lattice parameters and Li/Ni mixing of the cathode materials. High-angle annular dark-field
imaging in scanning transmission electron microscope (HAADF-STEM) and corresponding EDS

images are observed through the aberration-corrected JEOL JEM-ARM200CF.

3.2.3 Electrochemical Test

The cathode electrode is fabricated with the active material, super C45 carbon black, and
poly(vinylidene) fluoride (PVDF) at an 8: 1: 1 ratio in N-methyl-2-pyrrolidone (NMP) solvent to
generate a slurry. Subsequently, the slurry was cast on aluminum foil by a doctor blade with a mass
loading of about 3 mgcm™. The electrode was dried in a vacuum oven for over 12 hours. The
cathode electrode was assembled with a lithium metal anode to form a half cell in the Argon-filled
glovebox (H20 <0.1 ppm O < 0.1 ppm). LP57 electrolyte (Gotion Company) with 1M LiPFs in
ethylene carbonate (EC): ethyl methyl carbonate (EMC) [3:7 w/w] was implemented as the
electrolyte. The half cells were cycled between 2.7 V and 4.3 V under current rate 1C (1C = 200

mAg?) with three activation cycles at 0.1C. Electrochemical impedance spectroscopy (EIS)
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measurements were carried out between frequency 1M Hz to 10 Hz with 5 mV potential

perturbation.

3.3 Results and Discussions

3.3.1 Ti doping optimization by the ball milling process

The ball milling method is implemented to determine the optimized Ti doping ratio in high-
nickel cathode material (NCM) because the required sample amount of ball milling is limited. The
mechanical fusion method needs large quantities of NCM precursors, therefore the ball milling
method is selected to optimize the Ti doping concentration for NCM cathode before using
mechanical fusion dry coating.

Nano-sized Titanium nitride (TiN) with different concentrations (0, 0.5, 1, 2 wt%) was
mixed with NCM precursor and LiOH through the ball milling process. Then the mixtures were
calcinated and made into cathode electrodes to test the electrochemical performance in the half cell
(Fig 3.1). TiN doped NCM cathodes through the ball milling process (BM_NCM_TiN) show
similar specific charge capacity and polarization in the initial cycle (Fig 3.1a). However, because
of the substitution of Ni?* by Ti**, where Ti*" is inert during cycling, the specific discharge capacity
of BM_NCM _TiN decreases with an increase of Ti doping amount. The cycling performance of
the BM_NCM and the BM_NCM _TiN cathodes (Fig 3.1b) demonstrates distinct cycling stability
in the half cells. The BM-NCM cathode suffers from rapid capacity fading due to structural
degradation. However, the BM_NCM_TiN cathodes with 0.5% and 1% doping deliver improved
capacity retention and high capacity after 200 cycles. The 2%TiN doping might be excess for NCM
cathode, although it shows better capacity retention. Rate performance is implemented from 0.1C

to 5C (1C = 200 mAhg™) at room temperature (Fig 3.1c). The BM_NCM_TiN cathodes with 0.5%
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and 1% doping demonstrate better capacity retentions than the BM_NCM cathode at an elevated
current rate (5C). Moreover, both cathodes can recover to 100% capacity when the rate reduces
back to 0.1C, which indicates good structural stability after Ti doping. Based on the electrochemical

performance of the BM_NCM_TiN, 1% TiN doping is selected as the optimized concentration for

the following experiments.
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Fig 3.1 Electrochemical performance of NCM and TiN doped NCM with different ratios (a) Initial charge

and discharge voltage profile at 2.7 - 4.3 V. (b) Cycling performance and coulombic efficiency at 1C. (c)
rate performance comparison from 0.1 Cto 5 C.

TiN reacts with oxygen to generate TiO, that acts as a Ti dopant to diffuse within NCM
cathode material during calcination. To compare the effects between TiN and TiO, doping
precursor, the electrochemical performance of NCM cathodes doped by TiN (BM_NCM_TiN) and
TiO2 (BM_NCM_TiO2) has been shown in Fig 3.2. Both TiN and TiO, doped NCM cathodes show
analogous decreased specific discharge capacity due to inactive Ti*" incorporation (Fig 3.2a).
However, BM_NCM_TiO; sustains from the huge capacity drop and low specific capacity at 1C
current rate. The BM_NCM_TiN cathode displays a higher specific capacity under 1C that is

similar to BM_NCM and better cycling stability after 100 cycles, which suggests a stabilized

structure within the BM_NCM_TiN cathode.
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Fig 3.2 Electrochemical performance of NCM, TiN doped NCM, and TiO, doped NCM cathodes. (a) Initial
charge and discharge voltage profile at 2.7 - 4.3 V. (b) Cycling performance and coulombic efficiency at
1C.

To understand the mechanism for the electrochemical difference between BM_NCM_TiN

and BM_NCM _ TiO,, the crystal structure of TiO, and products generated by TiN have been
investigated by XRD (Fig 3.3). To mimic the calcination process, TiN and TiO. nano-particles
were placed into a tube furnace under 480 degree for 5 hours in an oxygen atmosphere. The XRD
pattern of the generated product from TiN (Fig 3.3a) shows that the TiN would turn into two types
of TiO, mixture. One is the rutile type of TiO, (TiO2_R) and another is the anatase type of TiO;

(TiO2_A). However, TiO; stays as TiO,_A type at elevated temperature.
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Fig 3.3 XRD patterns of (a) TiN under 480 degree for 5 hours, (b) TiO, under 480 degree for 5 hours, in an
oxygen atmosphere.

The different types of TiO, generated by TiN and TiO; affect the diffusion processes of Ti
doping during the calcination. Hence, the distribution of Ti in the cathode material after calcination
is explored by HAADF-STEM (Fig 3.4). In BM_NCM_TiN cathode (Fig 3.4a), it shows that the
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Ti not only penetrates the bulk structure of the NCM but also forms evident Ti segregation on the
surface of primary particles. This phenomenon is caused by the different diffusion paths of the two
types of TiO.. In the BM_NCM_TiO; cathode (Fig 3.4b), it indicates similar Ti diffusion within

the NCM structure but no segregation situation was observed on the primary particle surface.

" :?,::::i?; ‘\'ﬁ.:\_‘ &

HAADF-STEM Ni Co Ti

HAADF-STEM Ni Co Ti

Fig 3.4 HAADF-STEM images and corresponding EDS mapping of (a) BM_NCM_TIiN, (b)
BM_NCM_TiO; cathodes.

The Ti distribution in the NCM materials explains the reason why TiN is a better Ti dopant
precursor for Ti doping in the high-nickel layered cathode material. After optimization by the ball
milling process, the mechanical fusion dry coating method is implemented for the Ti doping with

1% TiN as the dopant.

3.3.2 Ti doping by mechanical fusion

The elemental compositions of cathode materials were measured by ICP-AES. The ICP

results (Table 3.1) indicate that high Ni layered NCM contains 92% nickel (91.7%/5.7%/2.6%
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Ni/Co/Mn) while the Ti-doped NCM (NCM_Ti) cathode material contains 1% Ti component

within the NCM cathode material (91%/ 5.5%/ 2.5%/1% Ni/Co/Mn/Ti)

Samples Ni (%) Co (%) Mn (%) Al (%)
NCM 91.7 5.7 2.6 -
NCM Ti 91 5.5 2.5 1

Table 3.1. ICP results of the high nickel layered NCM and NCM_Ti.

The morphology of the secondary particle of cathode materials is shown in Fig 3.5. NCM
(Fig 3.5a) and NCM_Ti (Fig 3.5b) cathodes compose spherical secondary particles with nano-
meter-sized primary particles. The diameter of the secondary particles is similar to around 2 to 3
um. The cross-sectional images show different primary particle morphology within the cathode
materials. The primary particle size in the NCM (Fig 3.5¢) is larger than the size in the NCM_Ti
cathode (Fig 3.5d). This result indicates that the Ti doping in the NCM constrains the growth of
primary particles and accomplishes a finer particle distribution within the cathode materials. The
smaller and finer size of the primary particles is beneficial to Li* transportation and deters internal
microcrack formation.

The distribution of Ti within the NCM cathode has been confirmed by HAADF-STEM
(Fig 3.6). EDS mapping of the NCM_Ti cathode suggests the penetration of Ti within the NCM
cathode while Ti would also generate segregation at the surface of the primary particles (Fig

3.4a).
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Fig 3.5 SEM of secondary particles and corresponding cross-section images (a,c) NCM (b,d) NCM_Ti.
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Fig 3.6 HAADF-STEM images and corresponding EDS mapping of NCM_Ti cathode.

XRD patterns (Fig 3.7) suggest that both NCM and NCM_Ti cathode materials involve
rhombohedral a-NaFeO; structure (R3m space group) without an additional peak. The (003)/(104)
ratio indicates that NCM_Ti cathode material contains a higher Li/Ni mixing ratio. This is because
of charge compensation in the material. As the Ti** doping amount increase, Ni®* is converted to

Ni2* due to charge compensation. Hence, there will be a higher possibility for Ni?* migration, which
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leads to higher Li/Ni mixing and lower (003)/(104 ratios. However, Ti** would occupy the Li* site

and act as a pillar to prevent the Li layer from the collapse that results in better cycling stability.
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(003)/(104) = 1.539 (003)/(104) = 1.477

Intensity (a.u.)
Intensity (a.u.)

10 20 30 40 50 60 70 80 10 20 30 40 50 60 70 80
26 (°) 26 (%)

Fig 3.7 XRD patterns of pristine NCM and NCM_Ti cathode materials.

The electrochemical performance of NCM and NCM_Ti cathode materials is shown in Fig
3.8. The initial voltage profile (Fig 3.8a) indicates that the NCM_Ti cathode delivers higher charge
capacity but lower discharge capacity due to the inactive Ti component in the NCM cathode.
Nonetheless, the cycling performance of the NCM_Ti shows a huge improvement in cycling
stability (Fig 3.8b). The NCM_Ti cathode remains 93.8% capacity retention with a specific
capacity of 170.6 mAhg? after 200 cycles. The NCM cathode suffers from fast severe capacity
fading under 1C current with only 67.2% capacity retention. The enhanced cycling performance is
attributed to the Ti doping within the NCM material, where Ti acts as a pillar in the Li slab to
prevent the Li interlayer from collapse during cycling. The rate performance (Fig 3.8¢) indicates
that the NCM_Ti cathode could maintain over 160 mAhg* even under 5C current. This is because
Ti doping reinforces the stability of the Li slab and enlarges the interlayer spacing of the Li slab,
which results in better rate capability under high current. The average charge and discharge voltage
during cycling demonstrate the polarization evolution of the cathode materials (Fig 3.8d). The
NCM cathode undergoes an evolution of voltage difference from 0.144 V to 0.384 while the

NCM_Ti cathode only changes from 0.134 V to 0.239 V. Impedance increase in the NCM cathode
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that is caused by structural degradation results in this larger polarization. The stabilized structure

achieved by Ti doping constrains impedance growth and leads to small polarization evolution.
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Fig 3.8 Electrochemical performance of NCM and NCM_Ti (a) Initial charge and discharge voltage profile
at 2.7 - 4.3 V. (b) Cycling performance at 1C (c) rate performance comparison from 0.1 Cto 5 C. (d)
evolution of the average charge/discharge voltage over 200 cycles.

Impedance is a key parameter associated with the electrochemical performance of the

cathode materials upon cycling. Therefore, EIS is applied to measure the impedance after the 1%,

10, 50", 100" and 200" cycles, which represents the impedance revolution during cycling (Fig

3.9). Compared to the NCM cathode (Fig 3.9a), the NCM_Ti cathode (Fig 3.9b) only shows a

small rise of impedance upon cycling, which results in stable cycling performance and better rate

performance. The stable impedance is achieved through stabilized structure of the NCM_Ti cathode.
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Fig 3.9 EIS evolution from 1% to 200" cycle of (a) NCM (b) NCM_Ti cathode material.

To further explore the mechanism of Ti doping effects in NCM cathode material, cyclic
voltammetry (CV) curves of cathode materials are measured to investigate the electrochemical
processes in the first three cycles (Fig 3.10). NCM and NCM_Ti cathode experience similar phase
transitions from hexagonal (H1) — Monoclinic (M) — Hexagonal (H2) — Hexagonal (H3).
Especially in H2 to H3 transition, c-axis contracts and results in shrinkage of the crystal structure.
The consecutive contraction and expansion of volume change lead to structural degradation and
microcracks formation after long-term cycling. Compared to the NCM cathode, the peak

corresponded to H2 to H3 transition (dash line) shifts to a higher voltage, which indicates a lag of

detrimental H2 to H3 transition.
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Fig 3.10 CV curves of the first three cycles of NCM and NCM_ Al.

Because of the H2 to H3 transition and volume change, micro-cracks and structural
deformation would occur after long-term cycling. Hence, cross-sectional SEM images of the
secondary particles are shown to compare the structural stability of the cathode materials (Fig 3.11).
After 200 cycles, the NCM cathode generated a lot of cavities and microcracks, which led to serious
capacity loss and electrolyte infiltration (Fig 3.11 a,b). The secondary particle tends to pulverize
and the crystal structure has been severely damaged by the anisotropic lattice change upon cycling.
On the contrary, the NCM_Ti cathode remained packed morphology without huge cracks and
cavities, although minor crevices formed at the boundary of the primary particles (Fig 3.11 c,d).
This result further confirms that the Ti doping in NCM cathode can alleviate the effect of volume

change.
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Fig 3.11 Cross-section SEM images of (a,b) NCM, (c,d) NCM_Ti after 200 cycle.

3.4 Conclusion

In this chapter, TiN is selected to dope high-nickel layered cathode material (NCM_Ti).
The NCM_Ti cathode has been systematically analyzed and compared with the NCM cathode. The
doped Ti occupies the Li site and stabilizes the Li slab in the crystal structure, which results in
improved cycling stability and rate performance. Additionally, Ti doping improves the structural
stability that avoids micro-crack formation upon long-term cycling. Remarkably, the NCM_Ti
cathode maintains 93.8% capacity after 200 cycles, which contributes to a practical strategy to

enhance the electrochemical performance of high-nickel layered cathode materials.
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Chapter 4

Development of rechargeable zinc ion batteries (ZIB)

4.1 Introduction

With climate change and pollution concerns, renewable energy storages especially
rechargeable batteries have been intensified compared to traditional fossils. Compared to traditional
internal combustion engine vehicles, electric vehicles (EVs) can efficiently suppress the emission
of greenhouse gas and decrease dependence on fuels!®*133, In recent decades, battery technologies
have been rapidly developed to satisfy the growing demands of various applications, such as EVs!3,
The ideal batteries should contain features like eco-friendly, high safety, high energy density, low
cost. Currently, there is no commercialized available battery that could meet all these requirements
at the same time. Therefore, different battery systems have been designed for the corresponding
applications?3-140,

Lithium-ion batteries (LIBs) are current mainstream technologies in EVs!#-143 due to their
high energy density. Typically, LIBs compose graphite as anode and lithium iron phosphate (LFP)
or lithium nickel cobalt manganese oxide (NCM) material as cathode® #* 145, Although LIBs
contain high energy densities and extended cycle life, the safety issues of flammable organic
electrolytes and the high cost of limited metal resources confine LIBs in some specific
applications?® 14 Hence, developments of alternative battery technologies complementary to LIBs
become urgent and necessary'*® 14°. Among various battery systems, zinc-ion batteries (Z1Bs) could
potentially solve most of the concerns, especially with non-flammable aqueous electrolyte!3®: 10,

Unlike lithium metal, zinc metal is compatible with aqueous electrolytes and possesses a high
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volumetric capacity (5854 AhL™) and a high specific capacity (820 mAhg™). Additionally, Zn is
more abundant than Li in the Earth’s crust and cheaper in the material aspect!®?.

Primary zinc batteries in alkaline electrolytes have been widely used in the market over
decades. However, these zinc batteries fail to recharge due to the formation of irreversible
compounds on the surface of both anodes (ZnO, Zn(OH).) and the cathode (Mn(OH): ) sides!3®1%2,
These batteries could not implement in large-scale storage, where demands rechargeable batteries.

Therefore, rechargeable zinc-ion batteries (ZIBs) are considered promising candidates for these

specific applications®®,

4.2 Mechanism of zinc-ion batteries

For a typical rechargeable zinc-ion battery, it is composed of four parts. Anode and cathode
function as a host for reversible electrochemical Zn?* (de)insertion; aqueous electrolyte contains
zinc salt and conducts zinc ions; separator isolates electrodes and prevents internal short-circuit.
(Fig 4. 1)™. During discharging process, zinc metal would lose electrons and then transform to
Zn?" and dissolve in the aqueous electrolyte. Subsequently, Zn?* ions migrate and intercalate into
cathode sides (e.g. MnO2)™. In the meanwhile, the electrons would also transfer to the cathode
side through the external circuit. Upon charging process, Zn?* ions and electrons transfer in the

opposite direction®,
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Fig 4.12 Schematic illustration of rechargeable zinc-ion batteries. Negative electrode: zinc metal, positive
electrodes: MnO2, electrolyte: mild acidic aqueous electrolyte!s®,

4.3 Zinc metal anode

4.3.1 Challenges of zinc metal anode

In the ZIBs, zinc metal is usually used as an anode. Although zinc metal anode composes
high volumetric capacity and is compatible with aqueous electrolytes, several obstacles hinder the
practical applications of zinc metal anode in ZIBs. On the one hand, uneven deposition of Zn?
results in dendrite formation on the zinc metal anode surface. The dendrites cause low coulombic
efficiency (CE) and the larger one could even penetrate through the separator to result in short-
circuiting of the batteries'® 1, Moreover, the dendrite with low adhesion would easily peel off
from the zinc metal anode surface, which generates “dead zinc” and leads to capacity loss'®® 149 157-
160, On the other hand, hydrogen evolution reaction (HER) occurs at the surface of zinc metal anode,

which usually follows by metal corrosion %%, The HER consumes electrolyte and corrodes the zinc
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metal surface with gas evolution. The generated gas would also increase the inner pressure of the
battery, which results in swelling and leakage of the cell*®> 163, These issues seriously influence the

performance of zinc metal anode in ZIBs.

4.3.2 Strategies for zinc metal anode

To resolve the obstacles of the zinc metal, strategies have been focused on crystal,
nanostructure, framework, interfacial engineering to tune the Zn?* deposition process. Moreover,

the electrolyte modifications allow stable long-term cycling in the ZIBs.

4.3.2.1 Crystal Engineering

During electrodeposition, zinc tends to deposit as hexagonal platelets and plates randomly
in different orientations!®+%, In the vertical direction to the substrate, the plated Zn would form
dendrites and spur through the separator, which causes failure of the battery. Hence, Zhang et al®’.
reported reversible epitaxial electrodeposition of zinc metal on graphene to achieve flat Zn
deposition that is paralleled to the substrate (Fig 4.2). Graphene is employed as the substrate
because it contains a low lattice mismatch with zinc metal and makes the interface energy favorable
for paralleled Zn deposition. Epitaxial regulation forms a thin plate paralleled to the graphene sheet
and accomplishes high CE over thousands of cycles, which boosted the reversibility of the zinc

metal anode for ZIBs.
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Fig 4.13. Schematic illustration of Zn deposition on stainless steel and epitaxial regulated Zn deposition on
graphene (left figure); Atomic arrangements of Zn and graphene, the low misfit (~7%) indicates a
semicoherent interface that is energy favorable for Zn deposition (right figure)?®’.

4.3.2.2 Nanostruc2ture Engineering

Novel nanostructure design of Zn anode is also a competent strategy to eliminate dendrite
growth in ZIBs since extra surface area could reduce the local current during Zn?* plating¢® 1°,
Hence, the 3D Zn structure is extensively investigated since the porous structures enlarge the
surface area of the zinc metal anode that could decrease the overpotential during Zn deposition and
facilitate more uniform Zn deposition’® "1, Parker et al*®. proposed a 3D zinc sponge structure to
enhance the utilization of Zn and charge capacity (Fig 4.3). The sponge structure efficiently
increases the surface area of zinc anode decrease local current during deposition and stripping
processes, which suppresses the dendrite formation. As a result, over 90% depth of discharge in

primary cells could be used and over the tens of thousands of powering cycles could be completed.
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Fig 4.14. Schematic illustration of conventional zinc powder anode (left) and 3D Zn sponge anode. The
sponge Zn anode can effectively avoid dendrite formation*®.

4.3.2.3 Framework Engineering

To lower the overpotential of Zn deposition, several frameworks of different materials have
been developed to act as hosts, which reduces the local current and facilitates uniform Zn
deposition'’2174, Because of the high conductivity, low cost, and good affinity to Zn metal, copper
(Cu) is considered as the host material for Zn metal in the ZIBs. Xu et al*™. fabricated a 3D porous
Cu skeleton host for Zn metal through the ammonia etching process (Fig 4.4). Because of the high
surface area of the Cu skeleton, the local current density has been decreased during

charging/discharging, which leads to reduced polarization and high CE during cycling.
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—
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Fig 4.15 Schematic illustration of preparation and Zn deposition process of 3D porous Cu skeleton74,
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4.3.2.4 Interfacial Engineering

Inorganic layers that compose high mechanical strength, act as buffer layers and suppress
the dendrite penetration through the layer, which efficiently avoids short-circuit in the ZIBs™>> 17>
177 Kang et al. developed nano-CaCOs protective layers on the zinc foils to suppress dendrite and
enable uniform deposition (Fig 4.5) . Due to the uneven distribution of ion flux, dendrite, and
rough surface morphology generated on the bare Zn anode surface after repeated cycling. With the
CaCO0; coating, the aqueous electrolyte could thoroughly infiltrate the coating layer, which results

in uniform electrolyte flux and plating rate. Additionally, the coating layer can operate as a buffer

layer to inhibit dendrite penetration.
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Fig 4.16 Schematic illustration of morphology evolutions in the bare Zn foil and Nano-CaCOj3; coated Zn foil
during Zn plating and stripping*s®.

The polymer coating is another material for zinc metal protection with the advantages of
high flexibility and low cost. The polymer coating layer tunes the interfacial condition between
zinc metal and aqueous electrolyte, which prompts the electrochemical performance and stability
of zinc metal anode®®" 178182, For example, Cui et al**’. proposed the polyamide (PA) coating on
the zinc anode, which effectively influences the Zn deposition behavior (Fig 4.6). With the
hydrogen-bonding and strong coordination with Zn?*, the PA coating can homogenize Zn?" flux

with uniform nucleation. Additionally, the PA polymer coating can inhibit the corrosion side
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reactions caused by water and dissolved oxygen. Different from the dendrite formation and

corrosion on the bare zinc surface, the PA coating limits the Zn?" migration during deposition

through hydrogen-bonding of the amide group, which generates constrained 2D diffusion and

uniform deposition without Zn dendrites. As a result, uniform Zn deposition can be accomplished

even under a high areal capacity of 10 mAhcm.

&

Current density (mA cm™)

ai ek
AN

o

¢

¢

G

—

@

—

| rampant 2D diffusion constrained 2D diffusion

]
-t
o ® &® A N c

J
oL

1!
S QI &

coated Zn

Coated Zn
Bare Zn

| —>
13D diffusion

20 40 60 80 100 120 140

Time (s)

Fig 4.17 Schematic illustration of Zn deposition in bare Zn anode and PA coated Zn anode (upper figure),
Chronoamperograms of bare and PA coated Zn anode, inset: rampant 2D diffusion in bare Zn compares to
constrained 2D diffusion in PA coated Zn'’.

In addition to inorganic and organic coating material, the metallic coating could also serve

as a protection layer on zinc metal anode to form uniform Zn deposition and eliminate large dendrite

58



growth8 18 Kang et al'®. prepared Au nanoparticle coated Zn metal anode via the sputtering
method (Fig 4.7). Sputtered Au nanoparticles act as seeds on the surface for Zn nucleation. During
the deposition, the Au seeds induced Zn-flake array morphology on the zinc metal anode and led
to uniform Zn plating. Moreover, the Au nanoparticle layer suppressed the formation of large

protrusion or dendrite growth, which is beneficial to stable plating/stripping processes.
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Fig 4.18 Schematic illustration of Zn deposition on bare Zn and Au nanoparticle coated Zn'83,

4.3.3 Electrolyte Engineering

Aqueous electrolyte contained zinc salt acts as a Zn?* carrier during the plating/stripping
process in ZIBs. Hence, electrolyte optimization is another significant strategy to tune the Zn?*
deposition/dissolution behavior on the zinc metal anode. Several methods including zinc salt
selection, electrolyte additive, solvent adjustment, and zinc salt concentration optimization have
been employed in the aqueous electrolyte to modify interfacial Zn?* deposition?®: 185-189,

Zinc sulfate (ZnSOa.) is commonly used as salt in mid-acidic electrolytes due to its high

abundance and low cost. However, due to its limited solubility in the aqueous electrolyte and side
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reaction on the electrode, CE of Zn plating/stripping is confined. Therefore, various zinc salts have
been implemented in the electrolyte to improve the CE of the zinc metal anode®. Zhang et al*®°.
reported a novel electrolyte containing Zn(CFs;SOs), with additive Mn(CFsSOs). to replace
conventional ZnSO4 solution (Fig 4.8). The larger anion group (CFsSOgz) reduces the water
molecules in the Zn?* solvated shield, which decreases the solvation effect and boost Zn?*
transportation and charge transfer in the electrolyte. Moreover, the Mn(CF3;SOs), additive was
added to suppress the dissolution of Mn?* on the cathode side, which improves the overall cycling

performance of ZIBs.
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Fig 4.19 Schematic illustration of the rechargeable ZIB with Zn(CF3;SOs3); and Mn(CF3S03); as electrolyte
(left); Cycling performance of Zn-MnO; batteries with different electrolyte of KOH, ZnSO4, Zn(CF3SO3)2
and Zn(CFsS0s3); + Mn(CF3803)2189.

In an aqueous electrolyte, HER occurs at the interface between zinc metal and electrolyte,
which generates by-products of gas and Zn(OH),. The HER decreases the CE of Zn
deposition/dissolution and affects the electrochemical performance of ZIBs. Thus, the highly
concentrated electrolyte has been proposed to reduce the HER on the zinc anode*® 1%-1%2_|n high
concentration electrolytes, water molecules surrounding Zn?* are replaced with other non-aqueous
anion components, which decreases the corrosion and dendrite formation on the zinc metal anode.

Wang et al**®. designed a high concentration “water in salt” electrolyte with 1M Zn(TFSI), and
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20M LiFSI (Fig 4.9). In this electrolyte, the solvated sheath of Zn?* is filled up with TFSI- anions
rather than water molecules. As a result, the morphology of zinc metal is well maintained after
plating/stripping without by-products formation on the zinc surface. Additionally, the cycling
performance of ZIBs with this high concentration electrolyte shows stable cycling performance

over 4000 cycles.
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Fig 4.20 SEM images and XRD patterns (inset) of Zn metal anode after cycling (left); Stable cycling
performance and high CE of ZIB with high concentration electrolyte!3,

4.4 Cathode materials for Zinc-ion batteries

To meet the requirements of large-scale storage applications, the cathode materials for
Z1Bs are expected to contain a high reversible capacity and remain stable during long-term cycling.
Additionally, these cathode materials should be affordable and environmentally -friendly for

stationary energy storage.

4.4.1 Manganese oxide (MnQO,)

Manganese oxide (MnO-) has been widely implemented in Zn-MnO; primary cells and is

concerned a promising cathode material for ZIBs since it is eco-friendly, cheap, and composing a
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high theoretical capacity of 308 mAh/g 1%, The fundamental building block of manganese oxide
is MnOg octahedral and connects via corner or edge-sharing to construct various polymorphs (Fig
4.10)9, These configurations can be classified into three categories. (i) tunnel structures (Fig 4.10
a-f), (ii) layered structures (Fig 4.10g), (iii) spinel structures (Fig 4.10h). Tunnel structures
predominate in the MnO, polymorph and differ in tunnel sizes. For example, a-MnO. contains 2*2
tunnels, f-MnO; contains 1*1 tunnel, todorokite-type MnO, contains 2*3 and 3*3 tunnels, which
influence the diffusion of cations. Hence, due to the larger tunnel size, todorokite-type MnO; could
accommodate water molecules and cations while f-MnO; with 1*1 channels shows poor cation
diffusion properties. Layered MnO- (6-MnQOy) structures are generated through edge-sharing. The
interlayer spacing could store water molecules and cations during intercalation. Spinel (1-MnQ5)
structures compose Mn?* in the tetrahedral sites and Mn®* in the octahedral sites and are often

expressed as AMn,O; like ZnMn;Oa.

J;s“:‘ (c) m.

(1"1) (1%2) (*)1%2)

‘ ‘ MnO, octahedra

MO, tetrahedra
(M=Mn2Zn...)

Fig 4.21 Polyhedral representations of MnQO; crystal structures. (a) f-MnO; (pyrolusite-type); b) R-MnO;
(ramsdellite-type); c) y-MnO; (nsutite-type); d) a-MnO; (hollandite-type); e) romanechite-type MnO; )
todorokite-type MnO;; g) 5-MnO- (birnessite-type); h) A-MnO- (spinel-type).
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4.4.2 Vanadium-based cathode

Compared with Mn-based cathode materials, vanadium(V)-based cathode materials in
Z1Bs show better cycling stability. V' coordinated polyhedral could be constructed by corner/edge-
sharing, which allows reversible Zn?*(de)insertion during cycling'®’. Kundu et al*®®, synthesized
Zno2sV20s nH-0 as cathode material for ZIBs, which completed high stability and extended cycle
life. After cell assembling, water molecules spontaneously insert into layered V,Os structure when
the cathode material immerses into the aqueous electrolyte. During charging/discharging, Zn?*
intercalates into the layered structure while the water molecules evacuate from the cathode to the
electrolyte. The reverse process occurs in the Zn?* deintercalation. As a result, the electrochemical
performance with this vanadium-based cathode shows outstanding stability and high capacity. The
capacity retention of 81% remained at a high current density of 8C, which results from the special

water molecules in the crystal structure of vanadium oxide.

H,0
deintercalation
EE——
Zn2*
intercalation
H,0
intercalation
Zn?*
deintercalation
Zng5V,05.nH,0 Zng55V,05.yH,0 Zn,35V,05.2H,0
pristine in electrolyte discharged

Fig 4.22 Schematic illustration of reversible water insertion into Zno.2sV>0s ©H20 when cathode immerses
into the electrolyte and the water (de)intercalation process with Zn?* (de)intercalation during
charging/discharging*®e.

In summary, practical applications of rechargeable ZIBs require the optimization of the
anode, cathode material, and electrolyte. Uniform deposition/dissolution on the zinc metal anode,

solvation effects, and stability of cathode material need to be solved for the actual implementation

of ZIBs.
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Chapter 5
A Polymer Layer Coating on Zinc Metal Anode for Rechargeable Zinc-ion

Batteries

5.1 Introduction

With climate challenges by releasing green-house gas, renewable technologies have been
developed rapidly to eliminate environmental and economic concerns. High energy density, high
safety, eco-friendly and low cost are the key parameters for practical applications like portable
devices, large stationary storage, and electric vehicles (EVs) 1*-13, Although lithium-ion batteries
(LIBs) currently predominate the battery market because they compose high energy density and
extended cycle life; however, LIBs suffer from safety issues (flammable organic electrolyte),
environmental concerns, and limited metal resources (Li, Co). These deficiencies motivate people
to discover alternative batteries to solve mentioned challenges®#® 47,

Among various metal batteries, zinc metal shows great potential to solve these issues since
it is compatible with aqueous electrolytes (no flammable problem), eco-friendly, and abundant in
the Earth’s crust®. Alkaline zinc-manganese (Zn||MnQ-) batteries have been widely supplied in the
market since they are safe and affordable. Nonetheless, these batteries could be barely recharged
because the irreversible by-products would generate on the surface of the anode (ZnO, Zn(OH),)
and the cathode (Mn(OH)2, MnOOH) during cycle®® 152,

Therefore, rechargeable zinc-ion batteries (ZIBs) are considered as a promising candidate
to complement Zn||MnQ; batteries, especially with mild acidic aqueous electrolyte (eg. ZnSO4
solution PH ~4) °. Additionally, ZIBs can deliver high energy density since zinc metal has a high

theoretical specific capacity (820 mAhg?) and volumetric capacity (5851 mAh/L) 2 and
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successfully paired with cathode like metal oxide (eg. MnO,**® or V,0s'%) layered sulfides,
Prussian blue!®® analogues, and even organic compounds?®® 202,

However, some obstacles associated with ZIBs at the electrolyte-Zn interface hinder the
practical applications. The inhomogeneous Zn?* deposition/stripping processes result in zinc
dendrite formation or shape change (Fig 5.1a). Dendrites would penetrate through the separator
and cause an internal short circuit!®® *¢, In the meanwhile, shape change of zinc metal leads to
“dead zinc” and gives rise to poor Coulombic efficiency (CE) 13149157160 Apgther issue is the zinc
corrosion by the aqueous electrolyte which contributes to hydrogen evolution and affects the
electrochemical process!®!162,

To mitigate these challenges, extensive efforts have focused on either electrolytet®® 185189
or material aspects'®® 17>177_ Electrolyte modifications have been investigated to suppress the
dendrite formation. For example, zinc trifluoromethanesulfonate (Zn(CF3SOs),) salt with
Mn(CF3S0s). as an additive is found to be efficient for the elimination of zinc dendrite and additive
could suppress the dissolution of Mn?* in the cathode side!®. Besides, the super-concentrated
“water in salt” electrolyte (WiSE) could exclude water molecules from the Zn?* solvation sheath*®,
thus it shows outstanding ability in hindering zinc dendrite growth and hydrogen evolution.
However, the highly concentrated salt is too expensive to be widely used in practical ZIBs. Noval
Zn structures or hosts have also been designed to relieve Zn dendrite!’274, Porous copper skeletons
and carbon nanotubes are treated as zinc anode hosts since they compose high surface area and
easier for uniform Zn?* deposition/stripping. But these structures require complicated synthesis
steps which are difficult to scale up. Moreover, surface modifications of zinc metal anode have
been applied to tune the interfacial environments to block electrolyte corrosions and optimize the
electrochemical processes®” 178182 Zhang. etl implemented a polyamide coating layer to

effectively impede zinc dendrite growth and extend the ZIB life span®®’.
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Hence, we developed a polymer coating on zinc metal anode for ZIBs with cyclized
polyacrylonitrile (CPAN) and Zn(CF3SOs). salt shown in Fig 5.1b. The CPAN provides functional
groups to coordinate with Zn?* which slows down the local ion flux and facilitates Zn2*
transportation during the deposition/stripping process. It would achieve homogeneous Zn
deposition to avoid dendrite formation and increase CE. Additionally, CPAN coating could confine
Zn dendrite and block direct contact with aqueous electrolyte to prevent corrosion. The zinc salt
(Zn(CF3S0s3),) has been implemented to increase Zn?* conductivity. With these features, the zinc
metal anode with CPAN coating (CPAN-Zn) delivered better stability in the deposition/stripping
processes (up to 300 hours at 0.5C in symmetrical cells) and no dendrite penetrated through the
polymer coating. When paired with MnO- cathode, the cells perform better specific capacity
retention (200 mAhg* after 100 cycles). This low-cost, easy-approach polymer coating provides a

potential solution for Zn metal anode in ZIBs.
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Fig 5.1 Schematic diagrams of Zn deposition in zinc and CPAN-Zn. (a) Zn electrodes suffer from dendrite
formation and electrolyte corrosion. (b) CPAN coating layer leads to homogenous Zn2?* deposition,
confinement of zinc dendrite, and blocks direct contact with electrolyte to avoid corrosion reactions.
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5.2 Experimental Section

5.2.1 Material Synthesis

5.2.1.1 C-PAN-Zn anode synthesis

PAN (Mw 150000), Zn(CFsSOs),, and DMF were purchased from Sigma-Aldrich chemical
cooperation. The chemicals were used as received. PAN was put into DMF solution to get different
concentrations: 2.5%, 5%, 6.67 wt%. The concentration of Zn(CF3SOs). is 1 wt% for all materials.
The solutions were stirred for 3 hours to make sure PAN was fully dissolved and cast on the zinc
foil and dried in air. The polymer-coated zinc was then annealed at 300 degrees to undergo thermal
cyclization of the PAN. The annealing process is operated inside the glovebox under the Argon

atmosphere.

5.2.1.2 Synthesis of layered -MnO; cathode

The cathode material is synthesized through the thermal decomposition reaction of KMnO..
KMnO4 was placed in a muffle furnace and heated at 350 degree for 5 hours (heating rate 5 T min°
1). Subsequently, the mixture was cooled down naturally and washed with deionized water three

times to remove the impurity. The final product was gained by drying at 80 degree under vacuum.

5.2.2 Material Characterization

X-ray diffraction (XRD) spectra were measured through a Rigaku Miniflex Il spectrometer
with Cu K, radiation. Morphologies of the electrodes were observed by scanning electron microscope

(SEM) (Nova NanoSEM 630 instrument). X-ray photoelectron spectroscopy (XPS) was operated
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on a PHI VersaProble 11 Scanning XPS microprobe. Fourier-transform infrared spectroscopy (FTIR)

spectra were measured through a Bruker Vertex V70 spectrometer in the range of 4000-400 cm™.

5.2.3 Electrochemical measurement

Electrochemical tests were operated using CR2032 coin-type cells. MnO, cathodes
composed of MnO;, acetylene black, and polyvinylidene fluoride (PVVDF) in a 7: 2: 1 ratio were
dissolved in N-methyl pyrrolidone (NMP) solvent and cast on stainless steel (SS) with average
mass loading around 2 mg cm. The 8-MnO; electrodes were employed as the cathode, glass fiber
as the separator, and zinc foil as the anode. The electrolyte consists of 2M ZnSO4+ 0.1M MnSQO,
in agueous solution. Symmetrical cells were fabricated using Zn or CPAN-Zn on both sides with
2M ZnSO4+ 0.1M MnSOQ4as the electrolyte. The processes of Zn?* plating/stripping were measured
with a two-electrode configuration, where Zn metals act as counter electrodes and CPAN coated
Stainless steel (bare stainless steel) were used as working electrodes. The CE was calculated from
the amount of Zn stripped from the substrate to that deposited amount in the same cycle. Cyclic
Voltammetry (CV) and electrochemical spectroscopy tests were carried out on a Nuvant Ezstat Pro
instrument. Zn-MnO- full cells were cycled from 0.8-1.8 V at room temperature using a BTS-

5V1mA Neware battery test system.

5.3 Results and Discussions

The CPAN-Zn is achieved by facile slurry coating and annealing processes shown in Fig
5.2. PAN polymer powder with Zn(CFsSOs), was dissolved in DMF to generate a uniform slurry.
After casting on the Zn foil, it would be transferred into the glovebox to undergo annealing at 300

degrees.
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Fig 5.2 Schematic illustration of the synthesis of CPAN-Zn and the thermal cyclization of PAN polymer.

The CPAN coating is generated by converting PAN into functional polymeric coating
through cyclization process?®?. This process is triggered by thermal annealing under an inert
atmosphere. X-ray photoelectron spectroscopy (XPS) of the N 1s in Fig. 5.3 reveals the chemical
structure evolution in the polymer coating through the cyclization process. XPS spectrum on the
left-hand side shows the nitrile group (C=N, at 397.6 ¢V) in the pristine PAN. After cyclization,
new N species N2 (N coordinated with three Carbon) and new pyridinic N3 (C-N=C, at 397.2 eV)
show up, which indicates the structural transformation during the process®22%4, This polymer
coating could coordinate with Zn?* during deposition/stripping to achieve uniform deposition?®: 2%,
FTIR also confirms the chemical structure evolution of the functional group after cyclization (Fig.
5.4). The upper black line represents the absorbance peaks of PAN polymer before cyclization. The
peak at 2245 cm* identifies the nitrile functional group in the pristine PAN polymer while the red
line indicates the signal peaks of N2 and N3 after cyclization. The signature peak of the nitrile
group (2245 cm™) in the pristine PAN disappeared while new C=N and C-N species are
generated?’” 208, These facts demonstrate the nitrile functional group would be transformed to C=N

and C-N after cyclization.
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Fig 5.3 XPS analysis of CPAN conducting film generation. The pristine nitrile group (N1) turns into the
pyridinic group (N2) and N3 group after cyclization.
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Fig 5.4 FTIR spectrum of pristine PAN (before cyclization) and CPAN (after cyclization). The nitrile groups
(2245 cm?) transform to C-N and C=N groups after cyclization.

To optimize the thickness of the CPAN coating layer, various concentrations of PAN
polymer in DMF were prepared to adjust the layer thickness (1.5 wt%, 2.5 wt%, 6.7 wt%). After
cyclization, CPAN-Zn with three different interlayer thicknesses has been assembled with 8-MnQO;
cathode as full cells to test the electrochemical performances (Fig 5.5). From the cycling
performance of these three thicknesses, it is found that the 1.5 wt% and 6.7 wt% deliver poor

capacity retention after 120 cycles while 2.5 wt% PAN demonstrates better cycling performance
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than the others. Hence, PAN (2.5 wt%) in DMF has been implemented for the following

experiments.
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Fig 5.5 Cycling performance of CPAN paired with 8-MnO- cathode as a full cell at C/3. CPAN with PAN
(2.5 wt%) shows better capacity retention after cycling.

The Zn deposition/stripping processes of the Zn and CPAN-Zn anodes are tested in
symmetrical cells with the construction of (CPAN)Zn|ZnSO4+ MnSO4|(CPAN)Zn (Fig 5.6). Zinc
anode (black lines) and CPAN-Zn (red line) undergo Zn?* deposition/stripping at current density
of 0.25 mA cm™ for 1 hour. Zn metal anode sustains from high overpotential even in the initial
cycle and gradually increases with cycling. This results from uneven Zn?* deposition during
deposition and the morphology change of zinc surface with extended cycle time worsens the
deposition process. However, with the CPAN coating, the initial overpotential is lower than the
bare-Zn (26 mV vs 45 mV) and only has limited enlargement (50 mV) after 300 hours of cycling
due to the facility of functional groups. The functional groups coordinate with Zn?* during the
deposition/stripping processes and lower the local Zn?* ionic flux while the Zn salt also increases
the ionic conductivity to achieve lower overpotential?®. Moreover, uneven deposition within the
bare-Zn anodes results in dendrite formation and it would spur through the separator to generate a
short circuit of the cells. At cycle time around 125 hours, the sudden overpotential drop indicates a

short circuit within the cell due to dendrite penetration. While with the CPAN coating, the cell
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delivers a stable deposition/stripping process over 400 hours because the CPAN coating initiates
uniform deposition of zinc to avoid dendrite formation and even if the dendrite generates on the

zinc surface, the polymer layer can confine the dendrite underneath the polymer.
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Fig 5.6 Galvanostatic cycling of symmetrical cells with bare-Zn and CPAN-Zn anodes at a current density
of 0.25 mA cm and deposition amount is 0.25 mAh cm-2. Inset (left) is the initial cycle voltage profiles of
the CPAN-Zn and bare-Zn and inset (right) is the voltage profile of CPAN-Zn after 300 hours of cycling.
CPAN-Zn demonstrates a stable and extended cycling span with a lower overpotential.

We also measured the CPAN-Zn anode without zinc salt (Fig 5.7a). Without zinc salt, the
overpotential has a sightly increase since the zinc salt improves the Zn?* conductivity. To further
investigate the capability of CPAN coating, zinc deposition/stripping processes with the higher
current rate (4 mA cm) and higher deposition amount (4mAh cm) are also measured (Fig 5.7b).
The bare-Zn suffers deteriorative cycling stability under a higher current and deposition amount.
Within 10 hours of cycling, the overpotential starts fluctuating, and the cell experiences a short
circuit after 12 hours since higher current and deposition amount stimulates dendrite formation with
uneven deposition. However, the CPAN-Zn delivers stable and extended cycling performance at
elevated current and deposition amounts. All these results illustrate the C-PAN coating would be
beneficial for Zn deposition/stripping process through coordination with zinc ion and elimination

of zinc dendrite.
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Fig 5.7 Galvanostatic cycling of (a) CPAN-Zn symmetrical cells with and without zinc salt. (b) bare-Zn and
CPAN-Zn symmetrical cells at a current density of 4 mA ¢cm and a deposition amount are 4 mAh cm™,

The coulombic efficiency (CE) can be used to describe the reversibility of the zinc
deposition/stripping process, which is significant for long-term Zn anode cycling. Due to dendrite
Zn or “dead” Zn formation during cycling, deposited Zn can not fully reversible strip back and
make Zn anodes suffer from low CE. Hence, we used zinc metal as a counter electrode and stainless
steel (SS) current collector with (without) CPAN coating as the working electrode. The Zn?* would
dissolve from the Zn metal and deposit on SS during the deposition process. It would strip back to
Zn metal after the stripping process (Fig 5.8a). The CE is calculated based on the amount of
stripping back to deposition. The Zn||SS delivers lower CE throughout the deposition/stripping
processes, but SS coated with CPAN coating demonstrates stable and higher CE which results from
the functional group could coordinate with Zn?* to accomplish uniform Zn deposition and confine
the Zn deposition underneath polymer to avoid Zn deposition or growth within the separator. To
figure out the reason why CE slip in the Zn||SS, the cell was disassembled and the separators have
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been observed via SEM (Fig 5.8b). It was found a certain amount of residual Zn was trapped in the
separator while the separator is clear and porous in the Zn||[CPAN-SS cell. These results support
the CPAN coating layer could confine deposited Zn within the polymer and prevent ZIBs from

short circuit by residual Zn within the separator.
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Fig 5.8 (a)CE of Zn|(CPAN-)SS cells with 1 mAhcm™ at 1 mAcm™. (b) SEM images of Zn||SS

separator(upper) after cycles and Zn||CPAN-Zn after cycles. Zn residual was trapped in glass fibers and led
to poor CE of the Zn||SS cell.

The morphology evolutions of bare-Zn and CPAN-Zn are measured by SEM (Fig 3.11).
The pristine Zn (Fig 5.9a) composes a flat and smooth surface before cycling. After 175 hours of
cycling (current: 1mAcm™, amount: 1mAhcm?), the uneven deposition of Zn?*, micro-size
protrusions, and flake-like pieces already covered the surface (Fig5.9b). Irregular and heterogenous
Zn observed from a cross-sectional view (Fig 5.9¢). These protrusions and flake-like Zn results in
higher polarization and low CE during cycling. With the CPAN coating (Fig 5.9d), the surface
remains flat and well covered by a dense polymer layer. The inset figure illustrates the cross-
sectional view of CPAN coating with a thickness of around 1 um. After 175 hours of cycling, the
CPAN layer still shows a flat and intact surface without dendrite or protrusions penetrated through
(Fig 5.9e). The cross-sectional view (Fig 5.9f) confirmed the Zn deposition occurred beneath the
coating layer. These results attest the CPAN coating could facilitate Zn?* deposition and confine

the deposited Zn within the polymer to avoid short circuits.
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Fig 5.9 SEM images of bare-Zn electrode (a-c) and CPAN-Zn electrode (d-f). (a,d) pristine bare-Zn and
CPAN-Zn electrode. (b,e) after 175 hours plating/ striping cycles. (c, f) cross-sectional image of bare-Zn and
CPAN-Zn after 175 hours cycles.

To prove that the CPAN coating layer could not only confine deposited Zn within the
polymer layer but also benefits the Zn?* deposition process to avoid dendrite or protrusions growth,
the polymer coating was removed to observe the morphology beneath them (Fig 5.10). Higher
current and deposition amounts (4, 10 mAcm; 4, 10 mAhcm2) were carried out to distinguish the
morphology differences after the cycle. Fig 5.10a demonstrates dendrite and protrusions growth
under 4mAhcm2 and even more, dendrites generate on the surface when the deposition amount
increases to 10 mAhcm-2 (Fig 5.10c). However, the Zn anodes with CPAN coating show distinct
morphologies (removal of CPAN layer). With 4 mAhcm 2 depositions, the Zn anode shows a clean
and flat surface (Fig 5.10b). Even with 10 mAhcm? depositions (Fig 5.10d), the morphology
remains flat without dendrites or protrusions, which proves the CPAN coating could assist

Zn*transportation to achieve uniform morphology.
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Fig 5.10 SEM images of bare-Zn electrodes with (a) 4 mAhcm-2(c) 10mAhcm2 deposition after cycles.
SEM images of CPAN-Zn electrodes (CPAN polymer layers have been removed) with (a) 4 mAhcm2(c)
10mAhcm-2 deposition after cycles.

Apart from the uneven deposition of Zn?*, corrosion caused by aqueous electrolytes would
also affect the electrochemical reactions of ZIBs (H» evolution or passivation). Hence, the CPAN
coating layer would act as a physical barrier to prevent direct contact between electrolyte zinc metal.
To verify the anti-corrosion feature, the Tafel curve has been applied to determine the corrosion
potential and current (Fig 5.11a). The junction represents the corrosion potential and its
corresponding current. With CPAN coating, the corrosion potential enhanced from -1.016 V to -
1.009 V and the corrosion current decreased as well, which infers to reduced corrosion reactions.
Another test is carried out in the symmetrical cells with a limited amount of electrolyte (60uL for
the 2032 coin cells). Corrosion reaction would consume electrolytes and generate hydrogen gas or
passivated Zn surface, which results in polarization expansion, especially in a limited electrolyte.
The symmetrical cells with limited electrolyte underwent deposition/stripping process (current:0.5

mAcm?; amount 0.5 mAhcm?) after 48 hours standing. The bare-Zn experiences a huge
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overpotential increase of over 300 mV while CPAN-Zn still delivers stable and lower overpotential
(Fig 5.11b). These results suggest the CPAN coating could efficiently diminish corrosion reaction

by preventing direct contact between Zn metal and electrolyte.
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Fig 5.11 Anti-corrosion tests to the aqueous electrolyte. (a) Tafel curve of bare-Zn and CPAN-Zn electrode.
(b) Galvanostatic cycling of symmetrical cells with bare-Zn and CPAN-Zn at limited electrolyte condition
(60 L) with 48 hours standing.

CPAN-Zn is further paired with layered MnO, cathode as a full cell to evaluate its
electrochemical performance in real ZIBs. (CPAN-)Zn|ZnSO4 + MnSO4MnO, configuration is
employed in coin cells. CV (Fig 5.12a) demonstrates the electrochemical process with/without
CPAN coating. Similar redox reactions have been observed in Fig 5.12a, therefore, the coating
would not affect the processes in the ZIBs. Two cathodic peaks at 1.36V and 1.16V are attributed
to the reduction of Mn**to Mn®* and subsequent to Mn?*. The anodic peak around 1.6 \ corresponds
to the oxidation processes. These redox peak positions are consistent with the plateau in the voltage
profile of CPAN-Zn|[MnO; (Fig 5.12b). Long-term cycling performance is shown in Fig 5.12c
(with current density = C/3, 0.1 A/g). The battery with CPAN-Zn anode demonstrates a higher
initial specific capacity and better cycling stability after activation cycles. The initial specific
capacity is 187.3 mAhg? and gradually enhances to 220 mAhg* while the battery with bare-Zn
anode only delivers 175.1 mAhg* in the first cycle and stable at 130 mAhg* after activation. After
40 cycles, the battery with bare-Zn anode starts fading while the CPAN-Zn battery shows stable
cycling performance. The morphology of the bare-Zn anode after 100 cycles (Fig 5.12d) shows

protrusions and flake-like shapes while the Zn anode protected by the CPAN layer remains smooth
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and flat after cycling (Fig 3.12e). These electrochemical performances of full cells support the

results in symmetrical cells and indicate CPAN-Zn anodes would be practical in ZIBs.
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Fig 5.12 (CPAN-)Zn|[MnO; full cell electrochemical performance. (a) Cyclic voltammetry curves. (b)
Discharge-charge voltage profile of CPAN-Zn electrode-MnO; in the first and second cycle. (c) Cycling
performance of full cells at C/3.

5.4 Conclusion

In summary, the CPAN coating was coated on Zn metal anode to elevate the stability during
deposition/stripping processes. The CPAN coating facilitates Zn?* transportation via coordination
with Zn?* by functional groups. Additionally, the coating layer confines Zn plating underneath the

polymer and blocks direct contact with an aqueous electrolyte. These features avoid the formation
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of large dendrites or protrusions and decrease corrosion side reactions. When paired with MnO;
cathode in the full cells, the CPAN-Zn anodes demonstrated enhanced cycling stability, suggesting

it could be practical in ZIBs.
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Chapter 6

Conclusions and Future Work

6.1 Conclusion

This thesis has discussed the development of zinc metal anode in ZIBs and high-nickel
layered cathode materials in LIBs. To solve the issues of zinc metal anode, the CPAN polymer was
coated on zinc foil to improve the cycling stability of the anode. The interface facilitates the Zn?*
transport by coordination through the functional group in the polymer. The coordination can reduce
the local current density, which leads to uniform deposition of zinc metal. Moreover, the interface
confines the zinc plating within the polymer to avoid short-circuit and blocks direct contact with
aqueous electrolytes to reduce corrosion.

To improve the electrochemical and thermal stability of high-nickel layered cathode
materials, Al and Ti doping methods have been implemented in cathode materials. The doping of
Al and Ti elements improves the structural stability and reduces the formation of microcracks after
cycling, which results in enhanced electrochemical performance. Additionally, the stronger Al-O
bonding in the crystal structure elevates the thermal stability of the high-nickel layered cathode

material at high temperatures.

6.2 Future work

For aqueous ZIBs, since the cost of the cathode and anode materials are relatively low for
battery fabrication, there is huge potential for ZIBs to be implemented in practical applications like
stationary storages. Suffered from uneven deposition on the anode side and low efficiency on the

cathode side, stable zinc anode, and efficient cathode could be paired to complete stable long-term
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cycling. In addition to materials, cheap and stable zinc salts in the electrolyte are worth
investigating for the ZIBs.

To realize the practical application of high-nickel layered cathode materials in LIBs, the
detailed mechanism behind the failure of cathode materials should be thoroughly understood. With
present strategies in the cathode materials, the electrochemical performance could be adjusted via
doping, surface coating, etc. Additionally, safety hazard still impedes the use of high-energy
cathode. To solve the issues, multi-step protection should be implemented in high-nickel layered

cathode materials to achieve stable long-term cycling in the real application

81



Reference

1. Hsieh, I. Y. L.; Pan, M. S.; Chiang, Y. M.; Green, W. H., Learning only buys you so much: Practical
limits on battery price reduction. Applied Energy 2019, 239, 218-224.
2. Myung, S. T.; Maglia, F.; Park, K. J.; Yoon, C. S.; Lamp, P.; Kim, S. J.; Sun, Y. K., Nickel-Rich

Layered Cathode Materials for Automotive Lithium-lon Batteries: Achievements and Perspectives. Acs
Energy Letters 2017, 2 (1), 196-223.

3. Manthiram, A.; Knight, J. C.; Myung, S. T.; Oh, S. M,; Sun, Y. K., Nickel-Rich and Lithium-Rich
Layered Oxide Cathodes: Progress and Perspectives. Advanced Energy Materials 2016, 6 (1), 23.

4, Ding, Y.; Cano, Z. P.; Yu, A.; Lu, J.; Chen, Z., Automotive Li-ion batteries: current status and
future perspectives. Electrochemical Energy Reviews 2019, 2 (1), 1-28.

5. Miao, Y.; Hynan, P.; Jouanne, A. V.; Yokochi, A., Current Li-lon Battery Technologies in Electric
Vehicles and Opportunities for Advancements. 2019, 1-21.

6. Julien, C. M.; Mauger, A.; Zaghib, K.; Groult, H., Comparative issues of cathode materials for Li-
ion batteries. Inorganics 2014, 2 (1), 132-154.

7. Choi, J. W.; Aurbach, D., Promise and reality of post-lithium-ion batteries with high energy
densities. 2016.

8. Nitta, N.; Wu, F. X.; Lee, J. T.; Yushin, G., Li-ion battery materials: present and future. Mater.
Today 2015, 18 (5), 252-264.

9. Noh, H. J.; Youn, S.; Yoon, C. S.; Sun, Y. K., Comparison of the structural and electrochemical
properties of layered Li[NixCoyMnz]O2 (x = 1/3, 0.5, 0.6, 0.7, 0.8 and 0.85) cathode material for lithium-
ion batteries. Journal of Power Sources 2013, 233, 121-130.

10. Zhang, S. S., Understanding of performance degradation of LiNi0.80C00.10Mn0.1002 cathode
material operating at high potentials. Journal of Energy Chemistry 2020, 41, 135-141.

11. Li, W, Reimers, J. N.; Dahn, J. R, IN-SITU X-RAY-DIFFRACTION AND
ELECTROCHEMICAL STUDIES OF LI-1-XNIO2. Solid State lonics 1993, 67 (1-2), 123-130.

12. Jung, R.; Metzger, M.; Maglia, F.; Stinner, C.; Gasteiger, H. A., Oxygen Release and Its Effect on
the Cycling Stability of LiNixMnyCozO2 (NMC) Cathode Materials for Li-lon Batteries. Journal of the
Electrochemical Society 2017, 164 (7), A1361-A1377.

13. Kim, J.; Lee, H.; Cha, H.; Yoon, M.; Park, M., Prospect and Reality of Ni-Rich Cathode for
Commercialization. 2018, 1702028, 1-25.

14, Arai, H.; Okada, S.; Ohtsuka, H.; Ichimura, M.; Yamaki, J., CHARACTERIZATION AND
CATHODE PERFORMANCE OF LI-1-XNI1+X02 PREPARED WITH THE EXCESS LITHIUM
METHOD. Solid State lonics 1995, 80 (3-4), 261-269.

15. Matsumoto, K.; Kuzuo, R.; Takeya, K.; Yamanaka, A., Effects of CO2 in air on Li deintercalation
from LiNil— x— yCoxAlyO2. Journal of power sources 1999, 81, 558-561.

16. Cho, D. H.; Jo, C. H.; Cho, W.; Kim, Y. J.; Yashiro, H.; Sun, Y. K.; Myung, S. T., Effect of
Residual Lithium Compounds on Layer Ni-Rich Li Ni0.7Mn0.3 O-2. Journal of the Electrochemical Society
2014, 161 (6), A920-A926.

17. Oh, P.; Song, B. H.; Li, W. D.; Manthiram, A., Overcoming the chemical instability on exposure
to air of Ni-rich layered oxide cathodes by coating with spinel LiMn1.9A10.104. Journal of Materials
Chemistry A 2016, 4 (16), 5839-5841.

18. Ross, G. J.; Watts, J. F.; Hill, M. P.; Morrissey, P., Surface modification of poly(vinylidene fluoride)
by alkaline treatment 1. The degradation mechanism. Polymer 2000, 41 (5), 1685-1696.

19. Lin, F.; Markus, I. M.; Nordlund, D.; Weng, T. C.; Asta, M. D.; Xin, H. L. L.; Doeff, M. M.,
Surface reconstruction and chemical evolution of stoichiometric layered cathode materials for lithium-ion
batteries. Nature Communications 2014, 5, 9.

20. Bak, S. M.; Hu,E. Y.; Zhou, Y.N.; Yu, X. Q.; Senanayake, S.D.; Cho, S. J.; Kim, K. B.; Chung,
K. Y.; Yang, X. Q.; Nam, K. W., Structural Changes and Thermal Stability of Charged LiNixMnyCozO2
Cathode Materials Studied by Combined In Situ Time-Resolved XRD and Mass Spectroscopy. Acs Applied
Materials & Interfaces 2014, 6 (24), 22594-22601.

82



21. Kim, N. Y.; Yim, T.; Song, J. H.; Yu, J. S.; Lee, Z., Microstructural study on degradation
mechanism of layered LiNi0.6C00.2Mn0.202 cathode materials by analytical transmission electron
microscopy. Journal of Power Sources 2016, 307, 641-648.

22. Dixit, M.; Markovsky, B.; Schipper, F.; Aurbach, D.; Major, D. T., Origin of Structural
Degradation During Cycling and Low Thermal Stability of Ni-Rich Layered Transition Metal-Based
Electrode Materials. Journal of Physical Chemistry C 2017, 121 (41), 22628-22636.

23. Cho, Y.; Oh, P.; Cho, J., A New Type of Protective Surface Layer for High-Capacity Ni-Based
Cathode Materials: Nanoscaled Surface Pillaring Layer. Nano Letters 2013, 13 (3), 1145-1152.

24, Flores, E.; Vonruti, N.; Novak, P.;  Aschauer, U.; Berg, E. J., Elucidation of
LixNi0.8C00.15A10.0502 Redox Chemistry by Operando Raman Spectroscopy. Chemistry of Materials
2018, 30 (14), 4694-4703.

25. Wandt, J.; Freiberg, A. T. S.; Ogrodnik, A.; Gasteiger, H. A., Singlet oxygen evolution from
layered transition metal oxide cathode materials and its implications for lithium-ion batteries. Mater. Today
2018, 21 (8), 825-833.

26. Zheng, J. M.; Myeong, S. J.; Cho, W. R.; Yan, P. F.; Xiao, J.; Wang, C. M.; Cho, J.; Zhang, J.
G., Li- and Mn-Rich Cathode Materials: Challenges to Commercialization. Advanced Energy Materials 2017,
7 (6), 25.

27. Mu, L. Q.; Lin,R.L.; Xu,R.; Han, L. L.; Xia, S. H.; Sokaras, D.; Steiner, J. D.; Weng, T.C,;
Nordlund, D.; Doeff, M. M.; Liu, Y. J.; Zhao, K. J.; Xin, H. L. L.; Lin, F., Oxygen Release Induced
Chemomechanical Breakdown of Layered Cathode Materials. Nano Letters 2018, 18 (5), 3241-3249.

28. Nam, G. W.; Park, N.Y.; Park, K. J.; Yang, J.; Liu,J.; Yoon, C.S.; Sun, Y. K., Capacity Fading
of Ni-Rich NCA Cathodes: Effect of Microcracking Extent. ACS Energy Letters 2019, 4 (12), 2995-3001.
29. Kondrakov, A. O.; Schmidt, A.; Xu, J.; Gefl3ein, H.; Monig, R.; Hartmann, P.; Sommer, H.;
Brezesinski, T.; Janek, J. r., Anisotropic lattice strain and mechanical degradation of high-and low-nickel
NCM cathode materials for Li-ion batteries. The Journal of Physical Chemistry C 2017, 121 (6), 3286-3294.
30. Lim, J.-M.; Hwang, T.; Kim, D.; Park, M.-S.; Cho, K.; Cho, M., Intrinsic origins of crack
generation in Ni-rich LiNi 0.8 Co 0.1 Mn 0.1 O 2 layered oxide cathode material. Scientific reports 2017, 7,
396609.

31. Ryu, H. H.; Park, K. J; Yoon, D. R.; Aishova, A.; Yoon, C. S; Sun, Y. K,
Li[Ni0.9C00.09W0.01]02: A New Type of Layered Oxide Cathode with High Cycling Stability. Advanced
Energy Materials 2019, 9 (44), 0-6.

32. Stoyanova, R.; Zhecheva, E.; Kuzmanova, E.; Alcantara, R.; Lavela, P.; Tirado, J., Aluminium
coordination in LiNil— yAlyO2 solid solutions. Solid State lonics 2000, 128 (1-4), 1-10.

33. Wang, G.; Zhong, S.; Bradhurst, D.; Dou, S.; Liu, H., LiAI8Nil— 602 solid solutions as cathodic
materials for rechargeable lithium batteries. Solid State lonics 1999, 116 (3-4), 271-277.

34. Xu, J.; Lin, F.; Doeff, M. M.; Tong, W., A review of Ni-based layered oxides for rechargeable Li-
ion batteries. Journal of Materials Chemistry A 2017, 5 (3), 874-901.

35. Park, S. H.; Park, K. S.; Sun, Y. K.; Nahm, K. S.; Lee, Y. S.; Yoshio, M., Structural and
electrochemical characterization of lithium excess and Al-doped nickel oxides synthesized by the sol—gel
method. Electrochimica Acta 2001, 46 (8), 1215-1222.

36. Araki, K.; Taguchi, N.; Sakaebe, H.; Tatsumi, K.; Ogumi, Z., Electrochemical properties of
LiNi1/3C01/3Mn1/302 cathode material modified by coating with Al203 nanoparticles. Journal of Power
Sources 2014, 269, 236-243.

37. Yang, X.; Wang, X.; Wei, Q.; Shu, H.; Liu, L.; Yang, S.; Hu, B.; Song, Y.; Zou, G.; Hu, L.,
Synthesis and characterization of a Li-rich layered cathode material Li 1.15 [(Mn 1/3 Ni 1/3 Co 1/3) 0.5 (Ni
1/4 Mn 3/4) 0.5] 0.85 O 2 with spherical core—shell structure. Journal of Materials Chemistry 2012, 22 (37),
19666-19672.

38. He, H.; Zan, L.; Zhang, Y., Effects of amorphous V205 coating on the electrochemical properties
of Li [Li0. 2Mn0. 54Ni0. 13Co0. 13] O2 as cathode material for Li-ion batteries. Journal of Alloys and
Compounds 2016, 680, 95-104.

39. Li, C.; Zhang, H. P.; Fu, L.J.; Liu, H.; Wu, Y. P.; Rahm, E.; Holze, R.; Wu, H. Q., Cathode
materials modified by surface coating for lithium ion batteries. Electrochimica Acta 2006, 51 (19), 3872-
3883.

83



40. Kim, H.-B.; Park, B.-C.; Myung, S.-T.; Amine, K.; Prakash, J.; Sun, Y.-K., Electrochemical and
thermal characterization of AlF3-coated Li [Ni0. 8Co0. 15Al0. 05] O2 cathode in lithium-ion cells. Journal
of Power Sources 2008, 179 (1), 347-350.

41. Li, J.; Li,J.; Yu, T.; Ding, F.; Xu, G.; Li, Z.; Zhao, Y.; Kang, F., Stabilizing the structure and
suppressing the voltage decay of Li [Li0. 2Mn0. 54Co0. 13Ni0. 13] O2 cathode materials for Li-ion batteries
via multifunctional Pr oxide surface modification. Ceramics International 2016, 42 (16), 18620-18630.

42, Wang, C.; Zhou, F.; Chen, K.; Kong, J.; Jiang, Y.; Yan, G.; Li, J.; Yu, C.; Tang, W.-P.,
Electrochemical properties of a-MoO3-coated Li [Li0. 2Mn0. 54Ni0. 13Co0. 13] O2 cathode material for
Li-ion batteries. Electrochimica Acta 2015, 176, 1171-1181.

43. Shen, B.; Zuo, P.; Li, Q.; He, X.; Yin, G.; Ma, Y.; Cheng, X.; Du, C.; Gao, Y., Lithium cobalt
oxides functionalized by conductive Al-doped ZnO coating as cathode for high-performance lithium ion
batteries. Electrochimica Acta 2017, 224, 96-104.

44, Liu, X.-H.; Kou, L.-Q.; Shi, T.; Liu, K.; Chen, L., Excellent high rate capability and high voltage
cycling stability of Y203-coated LiNi0. 5C00. 2Mn0. 302. Journal of Power Sources 2014, 267, 874-880.

45, Zhou, L.; Tian, M.; Deng, Y.; Zheng, Q.; Xu, C.; Lin, D., La203-coated Lil. 2Mn0. 54Ni0.
13Co0. 1302 as cathode materials with enhanced specific capacity and cycling stability for lithium-ion
batteries. Ceramics International 2016, 42 (14), 15623-15633.

46. Lai, Y.-Q.; Xu, M.; Zhang, Z.-A.; Gao, C.-H.; Wang, P.; Yu, Z.-Y., Optimized structure stability
and electrochemical performance of LiNi0O. 8Co0. 15Al0. 0502 by sputtering nanoscale ZnO film. Journal
of Power Sources 2016, 309, 20-26.

47. Wen, X.; Liang, K.; Tian, L.; Shi, K.; Zheng, J., Al203 coating on Lil. 256Ni0. 198C00. 082Mn0.
68902. 25 with spinel-structure interface layer for superior performance lithium ion batteries. Electrochimica
Acta 2018, 260, 549-556.

48. Tian, L.; Liang, K.; Wen, X.; Shi, K.; Zheng, J., Enhanced cycling stability and rate capability of
LiNiO. 80Co0. 15Al0. 0502 cathode material by a facile coating method. Journal of Electroanalytical
Chemistry 2018, 812, 22-27.

49, Aishova, A.; Park, G. T.; Yoon, C. S.; Sun, Y. K., Cobalt-Free High-Capacity Ni-Rich Layered
Li[Ni0.9Mn0.1]O2 Cathode. Advanced Energy Materials 2020, 10 (4), 1-9.

50. Xie, Q.; Li, W.; Manthiram, A., A Mg-Doped High-Nickel Layered Oxide Cathode Enabling Safer,
High-Energy-Density Li-lon Batteries. Chemistry of Materials 2019, 31 (3), 938-946.

51. Sun, Y.-K.; Chen, Z.; Noh, H.-J.; Lee, D.-J.; Jung, H.-G.; Ren, Y.; Wang, S.; Yoon, C. S;
Myung, S.-T.; Amine, K., Nanostructured high-energy cathode materials for advanced lithium batteries.
Nature materials 2012, 11 (11), 942-947.

52. Erickson, E. M.; Bouzaglo, H.; Sclar, H.; Park, K.-J.; Lim, B.-B.; Schipper, F.; Ghanty, C.;
Grinblat, J.; Markovsky, B.; Sun, Y.-K., Synthesis and electrochemical performance of nickel-rich layered-
structure LiNi0. 65C00. 08Mn0. 2702 cathode materials comprising particles with Ni and Mn full
concentration gradients. Journal of The Electrochemical Society 2016, 163 (7), A1348.

53. Lim, B. B.; Yoon, S.J.; Park, K. J.; Yoon, C. S.; Kim, S.J.; Lee, J. J,; Sun, Y. K., Advanced
Concentration Gradient Cathode Material with Two - Slope for High - Energy and Safe Lithium Batteries.
Advanced Functional Materials 2015, 25 (29), 4673-4680.

54, Park, K.-J.; Lim, B.-B.; Choi, M.-H.; Jung, H.-G.; Sun, Y.-K.; Haro, M.; Vicente, N.; Bisquert,
J.; Garcia-Belmonte, G., A high-capacity Li [Ni 0.8 Co 0.06 Mn 0.14] O 2 positive electrode with a dual
concentration gradient for next-generation lithium-ion batteries. Journal of Materials Chemistry A 2015, 3
(44), 22183-22190.

55. Kim, U. H.; Ryu, H. H.; Kim, J. H.; Mitke, R.; Kaghazchi, P.; Yoon, C. S.; Sun, Y. K,,
Microstructure-Controlled Ni-Rich Cathode Material by Microscale Compositional Partition for Next-
Generation Electric Vehicles. Advanced Energy Materials 2019, 9 (15), 1-11.

56. Li, X.; Liu, J.; Banis, M. N.; Lushington, A.; Li, R.; Cai, M.; Sun, X., Atomic layer deposition
of solid-state electrolyte coated cathode materials with superior high-voltage cycling behavior for lithium ion
battery application. Energy & Environmental Science 2014, 7 (2), 768-778.

57. Cho, W.; Kim, S.-M.; Song, J. H.; Yim, T.; Woo, S.-G.; Lee, K.-W.; Kim, J.-S.; Kim, Y.-J.,
Improved electrochemical and thermal properties of nickel rich LiNi0. 6Co0. 2Mn0. 202 cathode materials
by SiO2 coating. Journal of Power Sources 2015, 282, 45-50.

84



58. Myung, S.-T.; lzumi, K.; Komaba, S.; Sun, Y.-K.; Yashiro, H.; Kumagai, N., Role of alumina
coating on Li— Ni— Co— Mn— O particles as positive electrode material for lithium-ion batteries. Chemistry
of Materials 2005, 17 (14), 3695-3704.

59. Kurilenko, K. A.; Shlyakhtin, O. A.; Petukhov, D. I.; Garshev, A. V., Catalytic effect of
nanostructured CeO2 coating on the electrochemical performance of Li (Li, Ni, Mn, Co) O2. Solid State
lonics 2018, 324, 59-64.

60. Qin, C.; Cao, J.; Chen, J.; Dai, G.; Wu, T.; Chen, Y.; Tang, Y.; Li, A.; Chen, Y., Improvement
of electrochemical performance of nickel rich LiNi 0.6 Co 0.2 Mn 0.2 O 2 cathode active material by ultrathin
TiO 2 coating. Dalton Transactions 2016, 45 (23), 9669-9675.

61. Chae, B.-J,; Yim, T., Sulfonate-immobilized artificial cathode electrolyte interphases layer on Ni-
rich cathode. Journal of Power Sources 2017, 360, 480-487.

62. Chae, B.-J.; Park, J. H.; Song, H.J.; Jang, S. H.; Jung, K.; Park, Y. D.; Yim, T., Thiophene-
initiated polymeric artificial cathode-electrolyte interface for Ni-rich cathode material. Electrochimica Acta
2018, 290, 465-473.

63. Liang, L.; Sun, X.; Wu, C.; Hou, L.; Sun, J.; Zhang, X.; Yuan, C., Nasicon-type surface functional
modification in core—shell LiNi0. 5Mn0. 3C00. 202@ NaTi2 (PO4) 3 cathode enhances its high-voltage
cycling stability and rate capacity toward Li-lon batteries. ACS applied materials & interfaces 2018, 10 (6),
5498-5510.

64. Chen, Z.; Kim, G.-T.; Guang, Y.; Bresser, D.; Diemant, T.; Huang, Y.; Copley, M.; Behm, R.
J.; Passerini, S.; Shen, Z., Manganese phosphate coated Li [Ni0. 6C00. 2Mn0. 2] O2 cathode material:
Towards superior cycling stability at elevated temperature and high voltage. Journal of Power Sources 2018,
402, 263-271.

65. Liang, L.; Jiang, F.; Cao, Y.; Hu, G.; Du, K.; Peng, Z., One strategy to enhance electrochemical
properties of Ni-based cathode materials under high cut-off voltage for Li-ion batteries. Journal of Power
Sources 2016, 328, 422-432.

66. Min, K.; Jung, C.; Ko, D.-S.; Kim, K.; Jang, J.; Park, K.; Cho, E., High-performance and
industrially feasible Ni-rich layered cathode materials by integrating coherent interphase. ACS applied
materials & interfaces 2018, 10 (24), 20599-20610.

67. Yoon, W.-S.; Nam, K.-W.; Jang, D.; Chung, K. Y.; Hanson, J.; Chen, J.-M.; Yang, X.-Q.,
Structural study of the coating effect on the thermal stability of charged MgO-coated LiNi0. 8Co0. 202
cathodes investigated by in situ XRD. Journal of Power Sources 2012, 217, 128-134.

68. You, Y.; Celio, H.; Li, J.; Dolocan, A.; Manthiram, A., Modified high - nickel cathodes with
stable surface chemistry against ambient air for lithium - ion batteries. Angewandte Chemie International
Edition 2018, 57 (22), 6480-6485.

69. Myung, S.-T.; Maglia, F.; Park, K.-J.; Yoon, C. S.; Lamp, P.; Kim, S.-J.; Sun, Y.-K., Nickel-rich
layered cathode materials for automotive lithium-ion batteries: achievements and perspectives. ACS Energy
Letters 2017, 2 (1), 196-223.

70. Manthiram, A.; Knight, J. C.; Myung, S. T.; Oh, S. M.; Sun, Y. K., Nickel - rich and lithium -
rich layered oxide cathodes: progress and perspectives. Advanced Energy Materials 2016, 6 (1), 1501010.

71. Li, W.; Song, B.; Manthiram, A., High-voltage positive electrode materials for lithium-ion batteries.
Chemical Society Reviews 2017, 46 (10), 3006-3059.
72. Zheng, J.; Kan, W. H.; Manthiram, A., Role of Mn Content on the Electrochemical Properties of

Nickel-Rich Layered LiNi0. 8 - x Co0. 1Mn0. 1+ x O2 (0.0<x x<< 0.08) Cathodes for Lithium-lon Batteries.
ACS applied materials & interfaces 2015, 7 (12), 6926-6934.

73. Pouillerie, C.; Croguennec, L.; Biensan, P.; Willmann, P.; Delmas, C., Synthesis and
Characterization of New LiNil—y Mgy O 2 Positive Electrode Materials for Lithium - lon Batteries. Journal
of The Electrochemical Society 2000, 147 (6), 2061.

74. Sun, H.-H.; Manthiram, A., Impact of microcrack generation and surface degradation on a nickel-
rich layered Li [Ni0. 9Co0. 05Mn0. 05] O2 cathode for lithium-ion batteries. Chemistry of Materials 2017,
29 (19), 8486-8493.

75. Yang, X.; Sun, X.; McBreen, J., Structural changes and thermal stability: in situ X-ray diffraction
studies of a new cathode material LiMg0. 125Ti0. 125Ni0. 7502. Electrochemistry communications 2000, 2
(10), 733-737.

85



76. Jo, M.; Noh, M.; Oh, P.; Kim, Y.; Cho, J., A New High Power LiNi0. 81Co0. 1AI0. 0902 Cathode
Material for Lithium - lon Batteries. Advanced Energy Materials 2014, 4 (13), 1301583.

77. Nishida, Y.; Nakane, K.; Satoh, T., Synthesis and properties of gallium-doped LiNiO2 as the
cathode material for lithium secondary batteries. Journal of Power Sources 1997, 68 (2), 561-564.

78. Arai, H.; Okada, S.; Sakurai, Y.; Yamaki, J. i., Electrochemical and Thermal Behavior of LiNil—
zM z O 2 (M= Co, Mn, Ti). Journal of the Electrochemical Society 1997, 144 (9), 3117.

79. Yoon, W.-S.; Chung, K. Y.; McBreen, J.; Yang, X.-Q., A comparative study on structural changes
of LiCol1/3Nil1/3Mn1/302 and LiNi0. 8Co0. 15Al0. 0502 during first charge using in situ XRD.
Electrochemistry Communications 2006, 8 (8), 1257-1262.

80. Hou, P.; Zhang, H.; Deng, X.; Xu, X.; Zhang, L., Stabilizing the electrode/electrolyte interface of
LiNiO. 8Co0. 15Al0. 0502 through tailoring aluminum distribution in microspheres as long-life, high-rate,
and safe cathode for lithium-ion batteries. ACS applied materials & interfaces 2017, 9 (35), 29643-29653.
81. Watanabe, S.; Kinoshita, M.; Hosokawa, T.; Morigaki, K.; Nakura, K., Capacity fade of
LiAlyNil— x— yCoxO2 cathode for lithium-ion batteries during accelerated calendar and cycle life tests
(surface analysis of LiAlyNil— x— yCoxO2 cathode after cycle tests in restricted depth of discharge ranges).
Journal of Power Sources 2014, 258, 210-217.

82. Zou, L.; Zhao, W.; Liu, Z.; Jia, H.; Zheng, J.; Wang, G.; Yang, Y.; Zhang, J.-G.; Wang, C.,
Revealing Cycling rate-dependent structure evolution in Ni-rich layered cathode materials. ACS Energy
Letters 2018, 3 (10), 2433-2440.

83. Kim, U.-H.; Myung, S.-T.; Yoon, C. S.; Sun, Y.-K., Extending the battery life using an Al-doped
Li [Ni0. 76Co0. 09Mn0. 15] O2 cathode with concentration gradients for lithium ion batteries. ACS Energy
Letters 2017, 2 (8), 1848-1854.

84. Kong, F.; Liang, C.; Wang, L.; Zheng, Y.; Perananthan, S.; Longo, R. C.; Ferraris, J. P.; Kim,
M.; Cho, K., Kinetic Stability of Bulk LiNiO2 and Surface Degradation by Oxygen Evolution in LiNiO2 -
Based Cathode Materials. Advanced Energy Materials 2019, 9 (2), 1802586.

85. Liu, X.; Ren, D.; Hsu, H.; Feng, X.; Xu, G.-L.; Zhuang, M.; Gao, H.; Lu, L.; Han, X.; Chu, Z.,
Thermal runaway of lithium-ion batteries without internal short circuit. Joule 2018, 2 (10), 2047-2064.

86. Liao, J.-Y.; Oh, S.-M.; Manthiram, A., Core/double-shell type gradient Ni-rich LiNiO. 76Co0.
10Mn0. 1402 with high capacity and long cycle life for lithium-ion batteries. ACS applied materials &
interfaces 2016, 8 (37), 24543-24549.

87. Li, C.; Zhang, H.; Fu, L.; Liu, H.; Wu, Y.; Rahm, E.; Holze, R.; Wu, H., Cathode materials
modified by surface coating for lithium ion batteries. Electrochimica Acta 2006, 51 (19), 3872-3883.

88. Song, B.; Li, W.; Oh, S.-M.; Manthiram, A., Long-life nickel-rich layered oxide cathodes with a
uniform Li2ZrO3 surface coating for lithium-ion batteries. ACS applied materials & interfaces 2017, 9 (11),
9718-9725.

89. Park, M.-H.; Noh, M.; Lee, S.; Ko, M.; Chae, S.; Sim, S.; Choi, S.; Kim, H.; Nam, H.; Park,
S., Flexible high-energy Li-ion batteries with fast-charging capability. Nano letters 2014, 14 (7), 4083-4089.
90. Hou, P.; Yin, J.; Ding, M.; Huang, J.; Xu, X., Surface/Interfacial Structure and Chemistry of
High - Energy Nickel - Rich Layered Oxide Cathodes: Advances and Perspectives. Small 2017, 13 (45),
1701802.

91. Tan, K.; Reddy, M.; Rao, G. S.; Chowdari, B., Effect of AIPO4-coating on cathodic behaviour of
Li (Ni0. 8Co0. 2) 02. Journal of Power Sources 2005, 141 (1), 129-142.

92. Kraytsberg, A.; Drezner, H.; Auinat, M.; Shapira, A.; Solomatin, N.; Axmann, P.; Wohlfahrt -
Mehrens, M.; Ein - Eli, Y., Atomic Layer Deposition of a Particularized Protective MgF2 Film on a Li - lon
Battery LiMn1. 5Ni0. 504 Cathode Powder Material. ChemNanoMat 2015, 1 (8), 577-585.

93. Yubuchi, S.; Ito, Y.; Matsuyama, T.; Hayashi, A.; Tatsumisago, M., 5 V class LiNi0. 5Mn1. 504
positive electrode coated with Li3PO4 thin film for all-solid-state batteries using sulfide solid electrolyte.
Solid State lonics 2016, 285, 79-82.

94. Lee, S.-W.; Kim, M.-S.; Jeong, J. H.; Kim, D.-H.; Chung, K. Y.; Roh, K. C.; Kim, K.-B., Li3PO4
surface coating on Ni-rich LiNi0. 6C00. 2Mn0. 202 by a citric acid assisted sol-gel method: Improved
thermal stability and high-voltage performance. Journal of Power Sources 2017, 360, 206-214.

86



95. Xie, J.; Sendek, A. D.; Cubuk, E. D.; Zhang, X.; Lu, Z,; Gong, Y.; Wu, T.; Shi, F.; Liu, W.;
Reed, E. J., Atomic layer deposition of stable LiAIF4 lithium ion conductive interfacial layer for stable
cathode cycling. ACS nano 2017, 11 (7), 7019-7027.

96. Xia, J.; Petibon, R.; Xiong, D.; Ma, L.; Dahn, J., Enabling linear alkyl carbonate electrolytes for
high voltage Li-ion cells. Journal of Power Sources 2016, 328, 124-135.

97. Li, J.; Liu, H.; Xia, J.; Cameron, A. R.; Nie, M.; Botton, G. A.; Dahn, J., The impact of electrolyte
additives and upper cut-off voltage on the formation of a rocksalt surface layer in LiNi0. 8Mn0. 1C00. 102
electrodes. Journal of The Electrochemical Society 2017, 164 (4), A655.

98. Qiu, W.; Xia, J.; Chen, L.; Dahn, J., A study of methyl phenyl carbonate and diphenyl carbonate
as electrolyte additives for high voltage LiNi0. 8Mn0. 1Co0. 102/graphite pouch cells. Journal of Power
Sources 2016, 318, 228-234.

99. Kim, U.-H.; Jun, D.-W.; Park, K.-J.; Zhang, Q.; Kaghazchi, P.; Aurbach, D.; Major, D.; Goobes,
G.; Dixit, M.; Leifer, N., Pushing the limit of layered transition metal oxide cathodes for high-energy density
rechargeable Li ion batteries. Energy & environmental science 2018, 11 (5), 1271-1279.

100. Ates, M. N.; Jia, Q.; Shah, A.; Busnaina, A.; Mukerjee, S.; Abraham, K., Mitigation of layered to
spinel conversion of a Li-rich layered metal oxide cathode material for Li-ion batteries. Journal of The
Electrochemical Society 2013, 161 (3), A290.

101. Croguennec, L.; Bains, J.; Bré&yer, J.; Tessier, C.; Biensan, P.; Levasseur, S.; Delmas, C., Effect
of Aluminum Substitution on the Structure, Electrochemical Performance and Thermal Stability of Lil+ x
(Ni0. 40Mn0. 40Co0. 20— zAlz) 1— x0O2. Journal of The Electrochemical Society 2011, 158 (6), A664.

102. Jin, X.; Xu, Q.; Liu, H.; Yuan, X.; Xia, Y., Excellent rate capability of Mg doped Li [Li0. 2NiO0.
13Co00. 13Mn0. 54] O2 cathode material for lithium-ion battery. Electrochimica Acta 2014, 136, 19-26.
103. Li, Q.; Li,G.; Fu,C.; Luo, D.; Fan,J.; Li, L., K+-doped Lil. 2Mn0. 54Co00. 13Ni0. 1302: a novel
cathode material with an enhanced cycling stability for lithium-ion batteries. ACS applied materials &
interfaces 2014, 6 (13), 10330-10341.

104. Nayak, P. K.; Grinblat, J.; Levi, M.; Haik, O.; Levi, E.; Aurbach, D., Effect of Fe in suppressing
the discharge voltage decay of high capacity Li-rich cathodes for Li-ion batteries. Journal of Solid State
Electrochemistry 2015, 19 (9), 2781-2792.

105. Wang, D.; Huang, Y.; Huo, Z.; Chen, L., Synthesize and electrochemical characterization of Mg-
doped Li-rich layered Li [LiO. 2Ni0. 2Mn0. 6] O2 cathode material. Electrochimica Acta 2013, 107, 461-466.
106. Wang, D.; Li, X.; Wang, Z.; Guo, H.; Xu, Y.; Fan, Y.; Ru, J., Role of zirconium dopant on the
structure and high voltage electrochemical performances of LiNi0O. 5Co0. 2Mn0. 302 cathode materials for
lithium ion batteries. Electrochimica Acta 2016, 188, 48-56.

107. Wang, Y. X.; Shang, K. H.; He, W.; Ai, X. P.; Cao, Y. L.; Yang, H. X., Magnesium-doped Li1l.
2 [Co0. 13Ni0. 13Mn0. 54] O2 for lithium-ion battery cathode with enhanced cycling stability and rate
capability. ACS applied materials & interfaces 2015, 7 (23), 13014-13021.

108. Xie, Q.; Li, W.; Dolocan, A.; Manthiram, A., Insights into Boron-based Polyanion-tuned High-
nickel Cathodes for High-energy-density Lithium-ion Batteries. Chemistry of Materials 2019, 31 (21), 8886-
8897.

109. Li, W.; Liu, X.; Celio, H.; Smith, P.; Dolocan, A.; Chi, M.; Manthiram, A., Mn versus Al in
layered oxide cathodes in lithium - ion batteries: a comprehensive evaluation on long - term cyclability.
Advanced Energy Materials 2018, 8 (15), 1703154.

110. Dixit, M.; Markovsky, B.; Aurbach, D.; Major, D. T., Unraveling the effects of Al doping on the
electrochemical properties of LiNi0. 5C00. 2Mn0. 302 using first principles. Journal of The Electrochemical
Society 2017, 164 (1), A6359-A6365.

111. Guilmard, M.; Croguennec, L.; Denux, D.; Delmas, C., Thermal Stability of Lithium Nickel Oxide
Derivatives. Part I: Li x Nil. 0202 and Li x Ni0. 89AI0. 1602 (x= 0.50 and 0.30). Chemistry of materials
2003, 15 (23), 4476-4483.

112. Nayak, P. K.; Grinblat, J.; Levi, M.; Levi, E.; Kim, S.; Choi, J. W.; Aurbach, D., Al doping for
mitigating the capacity fading and voltage decay of layered Li and Mn - rich cathodes for Li - lon batteries.
Advanced Energy Materials 2016, 6 (8), 1502398.

87



113. Croguennec, L.; Shao-Horn, Y.; Gloter, A.; Colliex, C.; Guilmard, M.; Fauth, F.; Delmas, C.,
Segregation tendency in layered aluminum-substituted lithium nickel oxides. Chemistry of Materials 2009,
21 (6), 1051-1059.

114. Guilmard, M.; Rougier, A.; Grine, M.; Croguennec, L.; Delmas, C., Effects of aluminum on the
structural and electrochemical properties of LiNiO2. Journal of Power Sources 2003, 115 (2), 305-314.
115. Noh, H.-J.; Youn, S.; Yoon, C. S.; Sun, Y.-K., Comparison of the structural and electrochemical
properties of layered Li [NixCoyMnz] O2 (x= 1/3, 0.5, 0.6, 0.7, 0.8 and 0.85) cathode material for lithium-
ion batteries. Journal of power sources 2013, 233, 121-130.

116. Yoon, C. S.; Ryu, H.-H.; Park, G.-T.; Kim, J.-H.; Kim, K.-H.; Sun, Y.-K., Extracting maximum
capacity from Ni-rich Li [Ni 0.95 Co 0.025 Mn 0.025] O 2 cathodes for high-energy-density lithium-ion
batteries. Journal of Materials Chemistry A 2018, 6 (9), 4126-4132.

117. Dogan, F.; Vaughey, J. T.; Iddir, H.; Key, B. In Direct Observation of Lattice Aluminum
Environments in Li-lon Cathodes NCA and Al-Doped NMC Via 27 al MAS NMR Spectroscopy, PRIME
2016/230th ECS Meeting (October 2-7, 2016), ECS: 2016.

118. Xiong, L.; Xu, Y.; Tao, T.; Du, X.; Li, J., Double roles of aluminium ion on surface-modified
spinel LiMn 1.97 Ti 0.03 O 4. Journal of Materials Chemistry 2011, 21 (13), 4937-4944.

1109. Browning, J. F.; Baggetto, L.; Jungjohann, K. L.; Wang, Y.; Tenhaeff, W. E.; Keum, J. K.; Wood
I, D. L.; Veith, G. M., In situ determination of the liquid/solid interface thickness and composition for the
Li ion cathode LiMn1. 5Ni0. 504. ACS applied materials & interfaces 2014, 6 (21), 18569-18576.

120. Liu, H.; Wolf, M.; Karki, K.; Yu, Y.-S.; Stach, E. A.; Cabana, J.; Chapman, K. W.; Chupas, P.
J., Intergranular cracking as a major cause of long-term capacity fading of layered cathodes. Nano letters
2017, 17 (6), 3452-3457.

121. Wang, L.; Maxisch, T.; Ceder, G., A first-principles approach to studying the thermal stability of
oxide cathode materials. Chemistry of materials 2007, 19 (3), 543-552.

122. Jain, A.; Hautier, G.; Ong, S. P.; Dacek, S.; Ceder, G., Relating voltage and thermal safety in Li-
ion battery cathodes: a high-throughput computational study. Physical Chemistry Chemical Physics 2015, 17
(8), 5942-5953.

123. Ceder, G., Opportunities and challenges for first-principles materials design and applications to Li
battery materials. MRS bulletin 2010, 35 (9), 693-701.

124, Liu, H.; Li, J.; Zhang, Z.; Gong, Z.; Yang, Y., Structural, electrochemical and thermal properties
of LiNi0. 8— yTiyCo0. 202 as cathode materials for lithium ion battery. Electrochimica Acta 2004, 49 (7),
1151-1159.

125. Nurpeissova, A.; Choi, M. H.; Kim, J.-S.; Myung, S.-T.; Kim, S.-S.; Sun, Y.-K., Effect of titanium
addition as nickel oxide formation inhibitor in nickel-rich cathode material for lithium-ion batteries. Journal
of Power Sources 2015, 299, 425-433.

126. Yang, J.; Huang, B.; Yin, J.; Yao, X.; Peng, G.; Zhou, J.; Xu, X., Structure integrity endowed by
a Ti-containing surface layer towards ultrastable LiNiO. 8Co0. 15Al0. 0502 for all-solid-state lithium
batteries. Journal of The Electrochemical Society 2016, 163 (8), A1530.

127. Liang, C.; Kong, F.; Longo, R. C.; Zhang, C.; Nie, Y.; Zheng, Y.; Cho, K., Site-dependent
multicomponent doping strategy for Ni-rich LiNi 1— 2y Co y Mn y O 2 (y= 1/12) cathode materials for Li-
ion batteries. Journal of Materials Chemistry A 2017, 5 (48), 25303-25313.

128. Chen, Y.; Li, Y.; Li, W, Cao, G.; Tang, S.; Su, Q.; Deng, S.; Guo, J., High-voltage
electrochemical performance of LiNi0. 5C00. 2Mn0. 302 cathode material via the synergetic modification
of the Zr/Ti elements. Electrochimica Acta 2018, 281, 48-59.

129. Li, J.; Li, Y., Guo, Y.; Lv,J; Yi, W, Ma, P., A facile method to enhance electrochemical
performance of high-nickel cathode material Li (Ni 0.8 Co 0.1 Mn 0.1) O 2 via Ti doping. Journal of
Materials Science: Materials in Electronics 2018, 29 (13), 10702-10708.

130. Armand, M.; Tarascon, J.-M., Building better batteries. nature 2008, 451 (7179), 652-657.

131. Etacheri, V.; Marom, R.; Elazari, R.; Salitra, G.; Aurbach, D., Challenges in the development of
advanced Li-ion batteries: a review. Energy & Environmental Science 2011, 4 (9), 3243-3262.

132. Raugei, M.; Hutchinson, A.; Morrey, D., Can electric vehicles significantly reduce our dependence
on non-renewable energy? Scenarios of compact vehicles in the UK as a case in point. Journal of Cleaner
Production 2018, 201, 1043-1051.

88



133. Thackeray, M. M.; Wolverton, C.; Isaacs, E. D., Electrical energy storage for transportation—
approaching the limits of, and going beyond, lithium-ion batteries. Energy & Environmental Science 2012,
5 (7), 7854-7863.
134. Dunn, B.; Kamath, H.; Tarascon, J.-M., Electrical energy storage for the grid: a battery of choices.
Science 2011, 334 (6058), 928-935.
135. Parker, J. F.; Chervin, C. N.; Pala, I. R.; Machler, M.; Burz, M. F.; Long, J. W.; Rolison, D. R,
Rechargeable nickel-3D zinc batteries: An energy-dense, safer alternative to lithium-ion. Science 2017, 356
(6336), 415-418.
136. Wang, F.; Borodin, O.; Gao, T.; Fan, X.; Sun, W.; Han, F.; Faraone, A.; Dura, J. A.; Xu, K,;
Wang, C., Highly reversible zinc metal anode for aqueous batteries. Nature Materials 2018, 17 (6), 543-549.
137. Weber, R.; Genovese, M.; Louli, A.; Hames, S.; Martin, C.; Hill, I. G.; Dahn, J., Long cycle life
and dendrite-free lithium morphology in anode-free lithium pouch cells enabled by a dual-salt liquid
electrolyte. Nature Energy 2019, 4 (8), 683-689.
138. Zhang, L.; Chen, L.; Zhou, X.; Liu, Z., Towards high - voltage aqueous metal - ion batteries
beyond 1.5 V: the zinc/zinc hexacyanoferrate system. Advanced Energy Materials 2015, 5 (2), 1400930.
1309. Xu, C.; Li, B.; Du, H.; Kang, F., Energetic zinc ion chemistry: The rechargeable zinc ion battery.
Angewandte Chemie - International Edition 2012, 51 (4), 933-935.
140. Chang, Z.; Yang, Y.; Li, M.; Wang, X.; Wu, Y., Green energy storage chemistries based on neutral
aqueous electrolytes. Journal of Materials Chemistry A 2014, 2 (28), 10739-10755.
141. Pillot, C. In The rechargeable battery market and main trends 2018-2030, 36th Annual International
Battery Seminar & Exhibit. Avicenne Energy, 2019.
142. Huang, C.; Li, Y.; Wang, N.; Xue, Y.; Zuo, Z.; Liu, H.; Li, Y., Progress in research into 2D
graphdiyne-based materials. Chemical reviews 2018, 118 (16), 7744-7803.
143. Li, W.; Li, X.; Liao, J.; Zhao, B.; Zhang, L.; Huang, L.; Liu, G.; Guo, Z.; Liu, M., A new family
of cation-disordered Zn (Cu)-Si—P compounds as high-performance anodes for next-generation Li-ion
batteries. Energy & Environmental Science 2019, 12 (7), 2286-2297.
144. He, P.; Yu, H.; Zhou, H., Layered lithium transition metal oxide cathodes towards high energy
lithium-ion batteries. Journal of Materials Chemistry 2012, 22 (9), 3680-3695.
145, Whittingham, M. S.; Savinell, R. F.; Zawodzinski, T., Introduction: batteries and fuel cells.
Chemical reviews 2004, 104 (10), 4243-4244.
146. Cabana, J.; Monconduit, L.; Larcher, D.; Palacin, M. R., Beyond Intercalation-Based Li-lon
Batteries: The State of the Art and Challenges of Electrode Materials Reacting Through Conversion
Reactions. Advanced Materials 2010, 22 (35), E170-E192.
147. Liu, K.; Liu, Y.; Lin, D.; Pei, A.; Cui, Y., Materials for lithium-ion battery safety. Science advances
2018, 4 (6), eaas9820.
148. Xie, J.; Zhang, Q. C., Recent Progress in Multivalent Metal (Mg, Zn, Ca, and Al) and Metal-lon
Rechargeable Batteries with Organic Materials as Promising Electrodes. Small 2019, 15 (15), 20.
149. Song, M.; Tan, H.; Chao, D.; Fan, H. J., Recent Advances in Zn-lon Batteries. Advanced Functional
Materials 2018, 28 (41), 1-27.
150. Zhang, T.; Tang, Y.; Guo, S.; Cao, X.; Pan, A.; Fang, G.; Zhou, J.; Liang, S., Fundamentals and
perspectives in developing zinc-ion battery electrolytes: a comprehensive review. Energy & Environmental
Science 2020, 13 (12), 4625-4665.
151. Rajput, N. N.; Seguin, T. J.; Wood, B. M.; Qu, X. H.; Persson, K. A., Elucidating Solvation
Structures for Rational Design of Multivalent Electrolytes-A Review. Top. Curr. Chem. 2018, 376 (3), 46.
152. Kordesch, K.; Gsellmann, J.; Peri, M.; Tomantschger, K.; Chemelli, R., The rechargeability of
manganese dioxide in alkaline electrolyte. Electrochimica Acta 1981, 26 (10), 1495-1504.
153. Pan, H.; Shao, Y.; Yan, P.; Cheng, Y.; Han, K. S.; Nie, Z.; Wang, C.; Yang, J.; Li, X
Bhattacharya, P.; Mueller, K. T.; Liu, J., Reversible agueous zinc/manganese oxide energy storage from
conversion reactions. Nature Energy 2016, 1 (April), 1-7.
154, Lee, J.; Ju, J. B.;; Cho, W. I.; Cho, B. W.; Oh, S. H., Todorokite-type MnO2 as a zinc-ion
intercalating material. Electrochimica Acta 2013, 112, 138-143.
155. Kang, L.; Cui, M.; lJiang, F.; Gao, Y.; Luo, H.; Liu, J.; Liang, W.; Zhi, C., Nanoporous
CaCO3Coatings Enabled Uniform Zn Stripping/Plating for Long-Life Zinc Rechargeable Aqueous Batteries.
Advanced Energy Materials 2018, 1801090, 1-8.

89



156. Banik, S. J. Suppressing Dendritic Growth During Zinc Electrodeposition Using Polyethylenimine
as an Electrolyte Additive for Rechargeable Zinc Batteries. Case Western Reserve University, 2016.

157. Zhao, Z.; Zhao, J.; Hu, Z.; Li, J.; Li, J.; Zhang, Y.; Wang, C.; Cui, G., Long-life and Deeply
Rechargeable Aqueous Zn Anodes Enabled by Multifunctional Brightener-Inspired Interphase. Energy &
Environmental Science 2019.

158. Yufit, V.; Tariq, F.; Eastwood, D. S.; Biton, M.; Wu, B.; Lee, P. D.; Brandon, N. P., Operando
visualization and multi-scale tomography studies of dendrite formation and dissolution in zinc batteries. Joule
2019, 3 (2), 485-502.

159. Sun, K. E. K.; Hoang, T. K. A.; Doan, T.N. L.; Yu,Y.; Zhu, X.; Tian, Y.; Chen, P., Suppression
of Dendrite Formation and Corrosion on Zinc Anode of Secondary Aqueous Batteries. ACS Applied
Materials and Interfaces 2017, 9 (11), 9681-9687.

160. Lu, W.; Xie, C.; Zhang, H.; Li, X., Inhibition of zinc dendrite growth in zinc - based batteries.
ChemSusChem 2018, 11 (23), 3996-4006.

161. Xiong, W.; Yang, D.; Hoang, T. K.; Ahmed, M.; Zzhi, J.; Qiu, X.; Chen, P., Controlling the
sustainability and shape change of the zinc anode in rechargeable aqueous Zn/LiMn204 battery. Energy
Storage Materials 2018, 15, 131-138.

162. Kim, H.; Jeong, G.; Kim, Y.-U.; Kim, J.-H.; Park, C.-M.; Sohn, H.-J., Metallic anodes for next
generation secondary batteries. Chemical Society Reviews 2013, 42 (23), 9011-9011.

163. Xu, W.; Wang, Y., Recent progress on zinc-ion rechargeable batteries. Nano-Micro Letters 2019,
11 (1), 1-30.

164. Buck I, W. R.; Leidheiser, H., The corrosion of single crystals and recrystallized single crystals of
iron and steel in citric acid. Journal of the Electrochemical Society 1957, 104 (8), 474.

165.  Weininger, J.; Breiter, M., Effect of crystal structure on the anodic oxidation of nickel. Journal of
The Electrochemical Society 1963, 110 (6), 484.

166. ASHTON, R. F.; HEPWORTH, M. T., Effect of crystal orientation on the anodic polarization and
passivity of zinc. Corrosion 1968, 24 (2), 50-53.

167. Zheng, J.; Zhao, Q.; Tang, T.; Yin, J.; Quilty, C. D.; Renderos, G. D.; Liu, X.; Deng, Y.; Wang,
L.; Bock, D. C., Reversible epitaxial electrodeposition of metals in battery anodes. Science 2019, 366 (6465),
645-648.

168. Wu, T.-H.; Zhang, Y.; Althouse, Z. D.; Liu, N., Nanoscale design of zinc anodes for high-energy
aqueous rechargeable batteries. Materials Today Nano 2019, 6, 100032.

169. Yuan, Y.; Tu, J.; Wu, H.; Yang, Y.; Shi, D.; Zhao, X., Electrochemical performance and
morphology evolution of nanosized ZnO as anode material of Ni—Zn batteries. Electrochimica Acta 2006, 51
(18), 3632-3636.

170. Cheng, Y.; Zhang, H.; Lai, Q.; Li, X.; Shi, D.; Zhang, L., A high power density single flow zinc—
nickel battery with three-dimensional porous negative electrode. Journal of Power Sources 2013, 241, 196-
202.

171. Liu, Y.; Zhou, X.; Liu, R.; Li, X.; Bai, Y.; Xiao, H.; Wang, Y.; Yuan, G., Tailoring three-
dimensional composite architecture for advanced zinc-ion batteries. ACS applied materials & interfaces 2019,
11 (21), 19191-19199.

172. Zeng, Y.; Zhang, X.; Qin, R.; Liu, X.; Fang, P.; Zheng, D.; Tong, Y.; Lu, X., Dendrite - free
zinc deposition induced by multifunctional CNT frameworks for stable flexible Zn - ion batteries. Advanced
materials 2019, 31 (36), 1903675.

173. Yuksel, R.; Buyukcakir, O.; Seong, W. K.; Ruoff, R. S., Metal-Organic Framework Integrated
Anodes for Aqueous Zinc-lon Batteries. Advanced Energy Materials 2020, 10 (16), 8.

174. Kang, Z.; Wu, C.; Dong, L.; Liu, W.; Mou, J.; Zhang, J.; Chang, Z.; Jiang, B.; Wang, G.; Kang,
F.; Xu, C., 3D Porous Copper Skeleton Supported Zinc Anode toward High Capacity and Long Cycle Life
Zinc lon Batteries. ACS Sustainable Chemistry & Engineering 2019, 7, 3364-3371.

175. Cho, Y. D.; Fey, G. T. K., Surface treatment of zinc anodes to improve discharge capacity and
suppress hydrogen gas evolution. Journal of Power Sources 2008, 184 (2), 610-616.

176. Lee, S. M.; Kim, Y. J.; Eom, S. W.; Choi, N. S.; Kim, K. W.; Cho, S. B., Improvement in self-
discharge of Zn anode by applying surface modification for Zn-air batteries with high energy density. Journal
of Power Sources 2013, 227, 177-184.

90



177. Zhao, K.; Wang, C.; Yu, Y., Yan, M.; Wei, Q.; He, P., Ultrathin Surface Coating Enables
Stabilized Zinc Metal Anode. 2018, 1800848, 1-7.

178. Zhu, J. L.; Zhou, Y. H., Effects of ionomer films on secondary alkaline zinc electrodes. Journal of
Power Sources 1998, 73 (2), 266-270.

179. Gan, W. G.; Zhou, D. B.; Zhou, L.; Zhang, Z. J.; Zhao, J., Zinc electrode with anion conducting
polyvinyl alcohol/poly(diallyldimethylammonium chloride) film coated ZnO for secondary zinc air batteries.
Electrochimica Acta 2015, 182, 430-436.

180. Hoang, T. K. A.; Doan, T. N. L.; Sun, K. E. K.; Chen, P., Corrosion chemistry and protection of
zinc &amp; zinc alloys by polymer-containing materials for potential use in rechargeable aqueous batteries.
RSC Adv. 2015, 5 (52), 41677-41691.

181. Miyazaki, K.; Lee, Y. S.; Fukutsuka, T.; Abe, T., Suppression of Dendrite Formation of Zinc
Electrodes by the Modification of Anion-Exchange lonomer. Electrochemistry 2012, 80 (10), 725-727.

182. Hao, L.; Lv, G. W,; Zhou, Y. Q.; Zhu, K. M.; Dong, M. C.; Liu, Y. H,; Yu, D. M., High
Performance Anti-Corrosion Coatings of Poly (Vinyl Butyral) Composites with Poly N-(vinyl)pyrrole and
Carbon Black Nanoparticles. Materials 2018, 11 (11), 13.

183. Cui, M. W.; Xiao, Y.; Kang, L. T.; Du, W.; Gao, Y.F.; Sun, X.Q.; Zhou, Y. L.; Li, X. M.; Li,
H. F.; Jiang, F. Y.; Zhi, C. Y., Quasi-Isolated Au Particles as Heterogeneous Seeds To Guide Uniform Zn
Deposition for Aqueous Zinc-lon Batteries. Acs Applied Energy Materials 2019, 2 (9), 6490-6496.

184, Han, D. L.; Wu, S. C.; Zhang, S. W.; Deng, Y. Q.; Cui, C.J.; Zhang, L. A.; Long, Y.; Li, H;
Tao, Y.; Weng, Z.; Yang, Q. H.; Kang, F. Y., A Corrosion-Resistant and Dendrite-Free Zinc Metal Anode
in Aqueous Systems. Small 2020, 16 (29).

185. Zhang, N.; Cheng, F. Y.; Liu, Y. C.; Zhao, Q.; Lei, K. X.; Chen, C. C.; Liu, X. S.; Chen, J.,
Cation-Deficient Spinel ZnMn204 Cathode in Zn(CF3S03)(2) Electrolyte for Rechargeable Aqueous Zn-
lon Battery. Journal of the American Chemical Society 2016, 138 (39), 12894-12901.

186. Naveed, A.; Yang, H.; Yang, J; Nuli, Y.; Wang, J., Zuschriften Highly Reversible and
Rechargeable Safe Zn Batteries Based on a Triethyl Phosphate Electrolyte Zuschriften Angewandte. 2019,
200240, 2786-2790.

187. Xu, W. N.; Zhao, K. N.; Huo, W. C.; Wang, Y. Z.; Yao, G.; Gu, X.; Cheng, H. W.; Mai, L. Q.;
Hu, C. G.; Wang, X. D., Diethyl ether as self-healing electrolyte additive enabled long-life rechargeable
aqueous zinc ion batteries. Nano Energy 2019, 62, 275-281.

188. Huang, J.; Chi, X.; Han, Q.; Liu, Y.; Du, Y.; Yang, J.; Liu, Y., Thickening and Homogenizing
Aqueous Electrolyte towards Highly Efficient and Stable Zn Metal Batteries. Journal of The Electrochemical
Society 2019, 166 (6), A1211-A1216.

189. Zhang, N.; Cheng, F.; Liu,J.; Wang, L.; Long, X.; Liu, X.; Li, F.; Chen, J., Rechargeable aqueous
zinc-manganese dioxide batteries with high energy and power densities. Nature Communications 2017, 8 (1),
1-9.

190. Li, W.; Wang, K. L.; Zhou, M.; Zhan, H. C.; Cheng, S. J.; Jiang, K., Advanced Low-Cost, High-
Voltage, Long-Life Aqueous Hybrid Sodium/Zinc Batteries Enabled by a Dendrite-Free Zinc Anode and
Concentrated Electrolyte. Acs Applied Materials & Interfaces 2018, 10 (26), 22059-22066.

191. Wu, S. L.; Chen, Y. T.; Jiao, T. P.; Zhou, J.; Cheng, J.Y.; Liu, B.; Yang, S. R.; Zhang, K. L.;
Zhang, W. J., An Agueous Zn-lon Hybrid Supercapacitor with High Energy Density and Ultrastability up to
80 000 Cycles. Advanced Energy Materials 2019, 9 (47), 7.

192. Walsh, F. C.; de Leon, C. P.; Berlouis, L.; Nikiforidis, G.; Arenas-Martinez, L. F.; Hodgson, D.;
Hall, D., The Development of Zn-Ce Hybrid Redox Flow Batteries for Energy Storage and Their Continuing
Challenges. Chempluschem 2015, 80 (2), 288-311.

193. Shoji, T.; Hishinuma, M.; Yamamoto, T., ZINC MANGANESE-DIOXIDE GALVANIC CELL
USING ZINC-SULFATE AS ELECTROLYTE - RECHARGEABILITY OF THE CELL. J. Appl.
Electrochem. 1988, 18 (4), 521-526.

194. Liang, W. D.; Wang, L. N.; Zhu, H. Y.; Pan, Y.; Zhu, Z. Q.; Sun, H. X.; Ma, C. H.; Li, A,
Enhanced thermal conductivity of phase change material nanocomposites based on MnO2 nanowires and
nanotubes for energy storage. Solar Energy Materials and Solar Cells 2018, 180, 158-167.

195. Cakici, M.; Reddy, K. R.; Alonso-Marroquin, F., Advanced electrochemical energy storage
supercapacitors based on the flexible carbon fiber fabric-coated with uniform coral-like MnO2 structured
electrodes. Chemical Engineering Journal 2017, 309, 151-158.

91



196. Li, C. G.; Zhang, X. D.; He, W.; Xu, G. G.; Sun, R., Cathode materials for rechargeable zinc-ion
batteries: From synthesis to mechanism and applications. Journal of Power Sources 2020, 449, 18.

197. Zavalij, P. Y.; Whittingham, M. S., Structural chemistry of vanadium oxides with open frameworks.
Acta Crystallographica Section B-Structural Science 1999, 55, 627-663.

198. Kundu, D.; Adams, B. D.; Duffort, V.; Vajargah, S. H.; Nazar, L. F., A high-capacity and long-
life aqueous rechargeable zinc battery using a metal oxide intercalation cathode. Nature Energy 2016, 1 (10),
1-8.

199. Li, C.; Zhang, X.; He, W.; Xu, G.; Sun, R., Cathode materials for rechargeable zinc-ion batteries:
From synthesis to mechanism and applications. Journal of Power Sources 2020, 449, 227596.

200. Guo, Z.; Ma, Y.; Dong, X.; Huang, J.; Wang, Y.; Xia, Y., An environmentally friendly and
flexible aqueous zinc battery using an organic cathode. Angewandte Chemie International Edition 2018, 57
(36), 11737-11741.

201. Zhao, Q.; Huang, W.; Luo, Z.; Liu, L.; Lu, Y.; Li,Y.; Li, L; Hu,J.; Ma, H.; Chen, J., High-
capacity aqueous zinc batteries using sustainable quinone electrodes. Science Advances 2018, 4 (3).

202. Rahaman, M. S. A.; Ismail, A. F.; Mustafa, A., A review of heat treatment on polyacrylonitrile fiber.
Polymer degradation and Stability 2007, 92 (8), 1421-1432.

203. Pamula, E.; Rouxhet, P. G., Bulk and surface chemical functionalities of type 111 PAN-based carbon
fibres. Carbon 2003, 41 (10), 1905-1915.

204, Wang, Z.; Huang, B.; Xue, R.; Huang, X.; Chen, L., Spectroscopic investigation of interactions
among components and ion transport mechanism in polyacrylonitrile based electrolytes. Solid State lonics
1999, 121 (1-4), 141-156.

205. Piper, D. M.; Yersak, T. A.; Son, S. B.; Kim, S. C.; Kang, C. S.; Oh, K. H.; Ban, C.; Dillon, A.
C.; Lee, S. H., Conformal Coatings of Cyclized - PAN for Mechanically Resilient Si nano - Composite
Anodes. Advanced Energy Materials 2013, 3 (6), 697-702.

206. Son, S. B.; Yersak, T. A.; Piper, D. M.; Kim, S. C.; Kang, C.S.; Cho,J. S.; Suh,S.S.; Kim, Y.
U.; Oh, K. H.; Lee, S. H., A Stabilized PAN - FeS2 Cathode with an EC/DEC Liquid Electrolyte. Advanced
Energy Materials 2014, 4 (3), 1300961.

207. Mittal, J.; Bahl, O.; Mathur, R.; Sandle, N., IR studies of PAN fibres thermally stabilized at elevated
temperatures. Carbon 1994, 32 (6), 1133-1136.

208. Wangxi, Z.; Jie, L.; Gang, W., Evolution of structure and properties of PAN precursors during their
conversion to carbon fibers. Carbon 2003, 41 (14), 2805-2812.

2009. Zhang, R.; Chen, X. R.; Chen, X.; Cheng, X. B.; Zhang, X. Q.; Yan, C.; Zhang, Q., Lithiophilic
sites in doped graphene guide uniform lithium nucleation for dendrite - free lithium metal anodes.
Angewandte Chemie 2017, 129 (27), 7872-7876.

92



VITA

Tianhang Chen

Tianhang Chen was born in Siping City, Jilin province, China on Feb 28", 1993. He was
admitted to the department of chemical engineering at South China University of Technology
(SCUT) in 2010. He attended an exchange program with the University of Edinburgh, UK in
2012. He received his bachelor's degree from SCUT in 2014 and obtained his master's degree
from the University of Edinburgh in June 2015. Then in Aug 2015, Tianhang joined Prof.
Donghai Wang’s group at the Pennsylvania State University to pursue a Ph.D. degree in material
science and engineering. In the following years, he focused on his research on the protection of
zinc metal anode in zinc-ion batteries and structural stability enhancement of high-nickel layered

cathode materials in lithium-ion batteries, which is supported by DOE.



