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Lithium ion batteries have been regarded as one of the most promising and intriguing energy
storage devices in modern society since 1990s. A lithium ion battery contains three main
components, cathode, anode, and electrolyte, and the performance of battery depends on each
component and the compatibility between them. Electrolyte acts as a lithium ions conduction
medium and two electrodes contribute mainly to the electrochemical performance. Generally,
cathode is the limiting factor in terms of capacity and cell potential, which attracts significant
research interests in this field.Different from conventional slurry thick film cathodes with
additional electrochemically inactive additives, binder-free thin film cathode has become a
promising candidate for advanced high-performance lithium ion batteries towards applications
such as all-solid-state battery, portable electronics, and microelectronics. However, these
electrodes generally require modifications to improve the performance due to intrinsically slow
kinetics of cathode materials.

In this thesis work, pulsed laser deposition has been applied to design thin film cathode
electrodes with advanced nanostructures and improved electrochemical performance. Both
single-phase nanostructure designs and multi-phase nanocomposite designs are explored. In
terms of materials, the thesis focuses on manganese based layered oxides because of their high
electrochemical performance. In Chapter 3 of the nanocomposite cathode work, well dispersed

Au nanoparticles were introduced into highly textured LiNio.sMno.3C00.202 (NMC532) matrix to
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act as localized current collectors and decrease the charge transfer resistance. To further develop
this design, in Chapter 4, tilted Au pillars were incorporated into Li2MnO3 with more effective
conductive Au distribution using simple one-step oblique angle pulsed laser deposition. In
Chapter 5, the same methodology was also applied to grow 3D Li2MnO3 with tilted and isolated
columnar morphology, which largely increase the lithium ion intercalation and the resulted rate
capability. Finally, in Chapter 6, direct cathode integration of NMC532 was attempted on glass

substrates for potential industrial applications.
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1. INTRODUCTION

1.1 Background

Energy consumption has been relying on fossil fuels for thousand years, which is having a
severe impact on world economics and ecology. Thus, searching for a new alternative energy
source that is environment friendly and of high sustainability, is of great importance. With years
of dedication in research of energy storage devices, three main types of energy storage methods,
namely, fuel cells, batteries, capacitors, enjoy the most attention from scientists around the
world. Though the performance of these methods fits in different applications, batteries are still
the most interested method owing to the combined high energy density and power density

compared to the other two.[1]
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Figure 1.1 Ragone plot of (a) power density vs. power density of different energy storage
methods [2] and (b) different types of batteries. [3]

Among all battery technologies, lithium batteries are one of the most successful energy storage
method in current society due to the fact that, especially when compared to conventional
lead/cadmium based batteries, lithium is the lightest element, environmentally friendly, and also

the most electropositive element, which means lighter batteries with very high capacity.[4]-[6]
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Even though lithium batteries have been commercialized since 1970s and great effort has been
devoted by researchers to build better lithium batteries, it still experiences safety issue and
instability caused by dendrite growth and heat generation.[7]-[9] Thus, later effort has been
made to develop batteries with lithium ions as the source.[10], [11]

Lithium ion batteries (LIB) are promising because of their high voltage, high power densities,
high energy densities, and stable cycling performance. The goal of the research community is to
develop a low-cost, safe, rechargeable battery with high voltage, capacity, great rate capability,
and long cycle life. A general LIB consists of cathode current collector, cathode material, porous
separator, anode material, anode current collector and electrolyte. The basic operation
mechanism is shown in Figure 1.2. Lithium ion is stored in the interstitial sites of host materials,
and they will be extracted from the cathode side upon charging, passing through the separator
through electrolyte and inserted into the anode side. The discharge process acts reversely on
lithium ions. The performance of lithium ion batteries is thus affected by cathode, anode,

electrolyte and separator.

Lithium-ion rechargeable battery Lithium-ion rechargeable battery
Discharge mechanism Charge mechanism
i Load (:halrgeH

Electrons

Separator
Anode

Electrolyte Electrolyte

Figure 1.2 Scheme of operation mechanism of lithium ion batteries. [12]

In this section, the materials selections for LIB are reviewed for electrolyte, anode and cathode

with the focus on various cathode materials.
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1.1.1 Pre-consideration of materials selection for LIB system

To design a working battery system, certain requirements must be met regarding selection of
cathode, anode, and electrolyte. The primary selection rule is shown schematically in Figure 1.3,
which can be summarized as that the electrochemical potential of cathode and anode should fall
between Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular
Orbital (LUMO) window. Precisely, if the electrochemical potential of cathode is lower than the
HOMO level, electron will move from electrolyte to cathode because cathode can provide
available energy state lower than HOMO under this situation. In other word, the electrolyte will
be oxidized. Similarly, electrolyte will be reduced when the electrochemical potential of anode is
higher than the LUMO level.[6], [13] This phenomenon is not favorable because the electrolyte
is expected be stable during the cycling process.[6] On the other hand, an oxidation/reduction
passivation layer will form on the electrodes when redox reaction occurs at the
electrolyte/electrode interface, which is usually called solid electrolyte interphase (SEI).[14] SEI
layer on anode will bring up the LUMO energy level and that on cathode will decrease the
HOMO energy level until the electrochemical potential of cathode and anode fall in the LUMO-
HOMO window and no further redox reaction will happen. This interphase layer will impact
heavily on the electrochemical performance of the battery and will be explained in the following

section.
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Figure 1.3 Schematic energy plot of an aqueous electrolyte system. ®A and ®C are the work
functions of anodes and cathodes. pA and pC are the electrochemical potential of anode and
cathode. Eg is the energy gap of the electrolyte with thermodynamic stability. [13]

1.1.2 Electrolyte for LIBs

Various types of electrolytes have been studied over the years, where aqueous based solvents
can’t be applied because they will electrolyze under the operation voltage of a normal LIB
system.[14] Choices of electrolyte varies on applications as well as the electrolyte/electrode
compatibility.[13] For example, the chemical reaction between electrolyte and electrodes could
possibly cause electrode dissolution,[15] cycling of electrolyte material.[16] Besides, the
passivation layer formed on electrode surface due to small electrochemical window of electrolyte

cause detrimental effect including such as Li plating.
1.1.2.1 Organic Liquid Electrolytes

Most organic liquid electrolyte use carbonates or carbonates blends. Among different types of

lithium salts, LiPFs is considered as the most balanced salt that is commonly used in combination
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with selected organic solvents. However, it still experience bad thermal stability and intolerant to

moisture.[17]-[19]

1.1.2.2 Ionic Liquids

Room Temperature lonic Liquids (RTILs) show excellent performance as electrolyte for LIB

system usually with low melting temperature smaller than 100 °C. [6], [13], [20]-[23] However,

most ILs can only be compatible and applied to specific electrode material system.

1.1.2.3 Solid Electrolyte

Solid electrolytes mainly include solid polymer electrolytes and inorganic solid electrolytes.
Solid polymer electrolyte has advantages in sustaining intact electrode/electrolyte interface upon
cycling. However, the conductivity is too low to be promising. Inorganic solid electrolyte, on the
other hand, is usually conductive ceramics or glasses[24] with high ionic conductivity but suffers

interface delamination in the meantime.[25], [26]

1.1.3 Electrodes for LIBs

Both anode and cathode, work as host of lithium ions, shown in Figure 1.2, lithium ions will
be reversibly inserted to and extracted from cathode and anode, thus some pre-consideration can
be made about the requirement of a successful electrode material: 1) The electrode materials
should hold as many lithium ions as possible per unit volume and weight, thus it will provide
high volumetric capacity or specific capacity. 2) The structure of the electrode materials should
be stable upon cycling, e.g. no fatigue, collapse, crack, delamination, etc. 3) The electrode should
provide both good electric and ionic conductivity so that it could be operated under high current

density and gives high power capability. 4) Electrochemical potential pa and pe of electrodes
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should fall inside the LUMO-HOMO window gap of electrolyte, or the passivation layer formed

due to electrolyte decomposition should be chemically, thermally, and mechanically stable. 5)

Different between pa and e should be large so that big operation potential and energy density

can be obtained for the battery. Figure 2.1 shows the voltage vs. gravimetric capacity of cathode

and anode materials, which clearly shows us that cathode materials are the limiting factors in

terms of both voltage and specific capacity.
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Figure 1.4 Voltage vs. gravimetric capacity Ragone plot.

1.1.4 Anode materials for LIBs

1.1.4.1 Graphite-intercalation mechanism

Graphite is one of the most successful commercialized anode materials in the market. Graphite

has advantage of high capacity, low voltage (vs. Li*/Li") and cost, it has a theoretical capacity

372 mAh/g and its reaction with lithium ions is shown below:

Li+ +e + C6 Ad LlC6
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However, graphite is mechanically weak. Exfoliation and cracking can be caused by insertion
and reduction of solvent molecules into graphite. Figure 2.2 demonstrates that mechanical failure

can occur in graphite particles where no passivation layer is formed.[27]-[29]

CH,CHOCO,Li
CH,-CHECH, v s

gas creates internal pressure CH;0COLI

ZE -y

Figure 1.5 Schematic representation showing that solvent molecules can attack ‘weak spot’ on
graphite particle where there is no SEI protection and then cause crack. [30]

1.1.4.2 Silicon (Si)/ Tin (Sn)-Alloying mechanism

The chemistry of both Si and Sn anode with lithium ions can be expressed as below:[30], [31]

xLit + xe” + Si(Sn) & Li,Si(Sn) ,where x4, = 4.4

Si has a very high theoretical capacity of 3579 mAh/g. Nonetheless, it suffers from significant
volume change accompanying lithiation as well as low lithium diffusivity. To solve this issue,
dimension reduction techniques are usually applied. Sn, on the other hand, has lower theoretical
capacity of 990 mAh/g but higher atomic mobility than Si, rendering higher lithium diffusivity.

Therefore, Sn-Si composites are usually considered as better options.

1.1.4.3 Metal oxides-conversion mechanism

The chemistry of a general conversion anode could be expressed as:[32]

nbLi + M N, < aM + bLi,N
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These materials have high versatility but suffer high polarization and high overpotential
because most of the type are metal oxides, which can cause irreversibly capacity. [33] Though
reducing the dimension to nanoscale and introducing conductive additives can help reduce the

polarization, the intrinsic issue from the materials properties can’t be completely solved.

1.1.5 Cathode materials for LIBs

It is indicated in Figure 1.4 that the limiting factor of performance in modern LIBs market is
the cathode material. Effort has been made to develop various types of cathode materials since
1980s and all the mainstreamed cathode materials are of intercalation type of materials, which
can be further classified into three types in terms of crystal structure and lithium diffusion
dimension, i.e. olivine types of LIMPO4 (where M= Fe, Mn, etc.) with one dimension of lithium
diffusion path, layered transition metal oxides (LiMO2, where M = Co, Mn, Ni) with two
dimensions lithium diffusion path, and spinel structure of LiMn204 with three dimensions
lithium diffusion path.[34] Though there are cathode materials which belong to different reaction
mechanism other than intercalation, e.g. conversion reaction, the voltage for these materials is

usually very low.

1.1.5.1 Olivine

LiFePOu s the first material of olivine phase that was discovered by Padhi et al. in 1997,[35] it
has a theoretical capacity of 170 mAh/g, a typical redox reaction occuring around 3.4 V, and no
major capacity fade for more than several hundred cycles.[36] It is also environmentally friendly,
inexpensive and non-toxic. The crystal structure is illustrated in Figure 1.6, where lithium ion
situates in the channel formed by edge-sharing LiOs octahedra along the b-axis. This material

experiences intrinsic low electrical conductivity (ce < 10~° S/cm) and low lithium ion diffusivity
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(D=10""* cm?/s) due to one dimension diffusion nature,[37] which means the theoretical capacity
can only be achieved under very low current density. Therefore, composite of LiFePO4 with
conductive additives such as carbon is usually used to increase electrical conductivity.[38], [39]
As it is shown in Figure 1.7, carbon coating on LiFePOs is proved to successfully improved the
rate capability of the material. In addition, high quality and uniform coating of carbon can further
improve the cathode performance. As for lithium ion diffusivity, the reduction of cathode
material dimension is proved to be effective due to shorter Li* diffusion paths.[40], [41] It is also
suggested that carbon coating may also contribute to the decrease of Li* diffusion paths because

the pyrolytic carbon will suppress particle growth and lead to fine particles.[42]

Figure 1.6 Crystal structure of LiFePO4, obtained by using VESTA software.

a) b)
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LiFePO, Particie of /

Electrons can not directly reach some
positions where Li* intercalation takes place

Figure 1.7 Schemes indicating that (a) discontinuous, nonuniform carbon coating will introduce
‘dead point’ of electrons and (b) continuous, uniform carbon coating that will provide complete
pathway of electrons. [40]
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1.1.5.2 Spinel

Spinel cathode, typically LiMn20Os4, has a theoretical capacity of 148 mAh/g. It was first proposed
by Thackeray et al. in 1983.[43] LiMn204 has many advantages as a cathode material such as
very cheap and abundant Manganese element. It has a A[B]204 spinel type cubic structure with
space group as Fd3m, and Mn ions form a three-dimensional framework of MnOs octahedra
where Mn ions take place half of the octahedral interstitial sites. Further, lithium ions sit at
tetrahedral sites. LiMn204 has two redox pairs at 4 V and 3V, where the 3V region is usually
avoided because the lithium insertion at this stage will cause the onset of phase transformation to
rock salt Li2Mn20a4, which subsequentially introduces Mn**. This ion can introduce Jahn-Teller
effect, which not only reduces the crystal symmetry to tetragonal but also induces large volume
change that causes structural failure. Dissolution of Mn ions, especially with commonly used
liquid organic solvent with LiPFs salt, could occur due to the disproportionation of surface Mn**
ions:

2Mn3t = Mn*t + Mn?t

This issue can be resolved by protective coating layers such as Al203,[44] MgO,[45] AlF3,[46]
etc. In addition, capacity fade could happen at the 4V plateau as well, the mechanism however
seems unsettled, possible explanations such as Mn dissolution,[47] multiphases coexisting in
high voltage region,[48] effect of Jahn-Teller distortion around 3V,[49], [50] accumulation of
lithium ions at particle surfaces,[51] have all been reported. Dopant such as Co is used to
decrease the amount of Mn>",[52] and surface coating for restraining particles[53] are both

reported potential solutions but they also exhibit side effects such as capacity decrease
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Figure 1.8 Crystal structure of LiMn20a. [38]

1.1.5.3 Layered oxides

In 1980, LiCoO2 was first recognized as a cathode material with high energy density by
Goodenough.[54] It has a theoretical capacity of 272 mAh/g and a layered a-NaFeO: structure
where Co and Li ions occupy the octahedral sites in alternating layers formed by oxygen close-
packed planes (O3 stacking), which forms lithium layers sandwiched in between MOs layers,
providing lithium ions the two dimensional diffusivity, as it is shown in Figure 1.10. LiCoO2
mainly suffers from 1) Jahn-Teller effect during discharge when x in LixCoOz2 is smaller than
0.5, which leads to charge delocalization of Co ions. It will cause phase transformation to
monoclinic crystal structure and partial oxidation of O%; 2) Dissolution of Co ions which leads to
formation of oxygen and cause safety issues, especially at high temperature.[37] Another similar
material, LiNiO2, barely raises interests among researchers due to difficult synthesis of highly
ordered layered structure and its instability upon cycling. However, LiNii-yCoyO2, overcomes
main issues that bother both LiCoO2 and LiNiOsx. It is proved that addition of Co will impede Ni
ions from migrating into the lithium layer and avoid permanent capacity loss.[36] However, the
cost of the battery increases quickly as more Co is added into LiNi1—yCoyOz. Therefore, it is
natural to find the step substituting Ni, Co with other ions that are inexpensive and can contribute

to the performance in the meantime.
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Figure 1.9 Crystal structure of LiCoOsx.

Among all other mixing cation oxides, Li(NiyMn;Co1-yz)O2 (NMC) was first proposed by Liu et
al. in 1999.[55] It has similar crystal structure and theoretical capacity as LiCoOz2, but it provides
better thermal stability, higher redox voltage, and higher reversible capacity. In this composition,
Co*" ions functions as reduction of cation mixing of Ni** ions in the lithium layer as well as
electrochemically active element in high voltage region, Ni>* ions enhance the layer properties as
well as provides electrochemically activity in low voltage region, and Mn*" ions are mainly used
to reduce the cost of the material.[36] Energy vs. DOS is shown in Figure 1.11, which indicates
1) Large conductivity variation during charge and discharge 2) intrinsic voltage limit for this
material.[13] Apart from these, NMC also experience low conductivity and ionic diffusivity that
exhibits an unsatisfactory rate capability, which can be solved by reducing the dimension of

material.[56]
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Figure 1.10 Schematic representation of energy diagram vs density of states (DOS) for
Lix(NiyMnCo1.y-z)O2 when it is (a) completely discharged; (b) half charged; and (c) completely
charged. [57]

Later, Thackeray proposed a composite cathode material of layered NMC and layered Li2MnO3,

which can be generally expressed as xLi2MnO3-(1-x)Li(NiyMn;Co1-y-)O2, also called Li-rich

cathodes. It has a high capacity larger than 300 mAh/g (voltage window 2.0V — 4.8V), good
capacity retention, and good thermal stability. Li2MnOs3 serves in this composite as a structure
stabilizer because it is generally not electrochemically active. Its structure remains on debate
whether NMC and Li2MnOs3 form a solid solution with Li and Mn forming an alternative ordering
manner[57] or those two phases form local domains that only retain short-range order[58]. Despite
the excellent capacity, it also has three major concerns: 1) large initial capacity loss due to removal
of Li2O at the end of first charge cycle; 2) energy fade due to voltage/capacity fade caused by
phase transformation during cycling; 3) low conductivity due to the highly insulating Li2MnOQOs3.
Similar to spinel LiMn204 and olivine LiFePOs4, protective coating layer and conductive carbon
layer are proposed to prevent side reaction and increase conductivity, reduction of material
dimension can also compensate the low conductivity of LizMnOs3, doping can tailor the chemistry

of material, and composite method can combine the advantages of different phases.[34]
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1.2 Thin film cathodes for lithium ion batteries

The previous sections have introduced the different types of cathode materials, and extensive
research has been performed to them in slurry electrodes form, which contain inactive materials
that decreases the energy density of the cells. To overcome the issues brought by the inactive
materials in the cathodes, binder-free thin film cathodes emerged, reported by Bates ef al. in
1993 using RF magnetron sputtering.[59] This approach can eliminate the weight of inactive
materials, which effectively increase the energy loading in the cell. Furthermore, the binder-free
cathodes can avoid the usage of toxic solvent N-Methyl-2-pyrrolidone (NMP) during the
electrodes processing. In terms of the cathode film thickness, it has been reported generally
between several nanometers to a few micrometers for thin film cathodes in order to decrease the
charge diffusion length, which makes the pristine cathode materials functional even without
conductive additives and enables high power applications. Thin film cathodes can also be easily
adopted for all-solid-state batteries where no flammable liquid electrolyte is used, and enables
dedicated applications such as implanted medical devices, flexible and portable electronics,
smart cards, etc. Additionally, thin film cathodes also take advantages that they are free of
inactive additives and can be designed to achieve different microstructures or crystalline

structures by various thin film techniques, and are easier to explore than slurry cathodes.[60]
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Figure 1.11 Potential versus capacity plot of the mostly studied cathode materials using thin film
techniques.

The potential versus specific capacity plot in Figure 1.12 summarizes the reported thin film
cathode materials up-to-date. As shown, most of the studied systems are model cathodes from
different structure classes (i.e., olivine-LiFePOs, layered-LiCo0O2/V20s, and spinel-LiMn20x).
It’s worth noting that several low potential materials are also plotted and are considered as
cathode materials due to their applications in certain 2V batteries. In addition, layered oxides
should be the more suitable choices for ideal cathode materials as they have higher voltage and

higher specific capacity.[37] In the following sections, introduce several representative examples
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using different modification methods to demonstrate the thin film modification approaches and

progress.

1.3 Overview on modification approaches for thin film electrodes

Thin film cathode modification techniques can be categorized into two major groups, i.¢.,
single-phase nanostructured cathodes and multi-phase nanocomposites cathodes. The principal
thin film techniques to achieve the abovementioned modifications include but are not limited to:
sol-gel method,[61], [62] hydrothermal synthesis,[63] co-precipitation,[64] template-assisted
synthesis,[65] electrostatic spray deposition (EDS),[66] atomic layer deposition,[67] laser
processing,[68] chemical vapor deposition,[69] physical vapor deposition,[70] plasma-assisted
synthesis,[71] etc. The detailed methodologies, shown in Figure 1.13, can be further divided as
follows: A1: to design nanostructured thin film cathodes on planar substrates with different
morphologies to increase surface area; A2: to design hierarchical nanostructured films on pre-
nanostructured substrates where the surface areas can be further increased than the simple
nanostructured thin films on planar substrates; B: to apply laser structuring technique for post-
treatment on grown thin film cathodes to achieve advanced nanostructures for larger surface area
and better performance; C1: to apply surface coatings on the grown thin film cathodes, which
can also be combined with nanostructured thin film electrodes; C2: to achieve co-grown
nanocomposite thin film cathodes for property compensation where the morphology of the

secondary phase can be controlled for various designed performance.
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Figure 1.12 Flow chart of modification approaches for cathode electrodes using thin film
techniques.

1.4 Thin film electrodes modification
1.4.1 Nanostructure design (single phase)

Despite the advantages of the additive-free thin film cathodes mentioned above,[25] the thin
film cathodes have limited energy loading due to constraint electrodes footprint.[72] In order to
solve this issue, it’s necessary to increase the surface area of electrodes and harvest from 3D
structures instead of planar 2D structures, which can increase the loading of active materials as
well as the kinetics of electrodes.[73] Different modification approaches to achieve such a goal

are introduced and discussed below.
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1.4.1.1 Nanostructured thin film electrodes (Bottom-up method)

Nanostructured film

Various morphologies

Unstructured substrate Unstructured substrate

Unstructured substrate -

Unstructured substrate Unstructured substrate

Figure 1.13 Schematic drawing of thin film modification approach that nanostructured thin film
cathode is directly grown on planar substrates.

This method refers to cathode thin films with nanostructure design, also known as 3D cathode
electrodes, on flat surface substrates. The schematic drawing is presented in Figure 1.14.
Regarding this approach, the electrochemical performance can be tuned mainly through the
different morphologies of the nanostructured designs.

Physical vapor deposition Nanorod/needle-like morphology thin films of olivine-type
LiFePO4 was reported by Sun et al.[74] using an oblique angle pulsed laser deposition (OAPLD)
technique, which is simply to create a non-zero source-to-substrate angle and introduce a
shadowing effect to form the isolated nanorod morphology. The method presented slight
improvement of performance compared to planar films. [75] Using the same OAPLD technique,

Li2MnO3 thin films, a highly insulating material,[34] with tilted columnar morphology has been
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processed and significantly improved electrochemical performance was demonstrated.[76] The
film with thickness of 150 nm was grown on Au buffered stainless steel substrate, which gives
267.46 mAh g'! initial capacity (99.5 pAh cm™ pm™) and 80% capacity retention (equals to
2x107'% capacity loss per cycle) at 0.4C for 100 cycles, as well as a satisfying rate performance
with 147.84 mAh g! (55 pAh cm™ pum™) at 9.3C. The electrochemical performance improves,
and a higher amount of active material loading was demonstrated when compared with other
reports.[77]-[79] This work proves pulsed laser deposition can a facile one-step method for
advanced film morphologies and complicated film compositions designs.

Wet-chemical synthesis LiCoO:2 was explored by Xia ef al.[80] using a two-step hydrothermal
synthesis. This approach first grew self-supported Co30O4 nanowire arrays on Au substrates and
then applied hydrothermal lithiation to achieve the lithiated LiCoO2 under two different
temperatures, which are layered LiCoO2 under high temperature and spinel LiCoOz under low
temperature (HT-LCO and LT-LCO). The synthesized HT-LCO exhibits a hierarchical
architecture where the nanowires consist of small head-to-head connected LCO nanorods. This
advanced structure shows a large areal capacity of 270 pAh cm™ and gravimetric capacity of 135
mAh g!. Furthermore, HT-LCO also retains its morphology after cycling test and keeps 90%
capacity retention for 50 cycles (equivalent to 2x107'% capacity loss per cycle) at 0.1C. As to
rate performance, it can deliver about 103 mAh g!' at 10C, which is about 76% of that at 0.1C.
This two-step hydrothermal synthesis method proposes a facile technique for 3D cathode
materials that are difficult to be directly synthesized. However, the chemical lithiation process
could be problematic due to the potentially time-consuming and incomplete phase transformation

process. In this regards, V20s cathodes could be better choices due to the simplicity of
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synthesizing the nonlithiated phases, and many studies of growing V20s nanowires/nanorods thin
film electrodes have been reported.[81]-[83]

Mesoporous film morphologies are widely explored as it is one of the most effective film
morphologies with improved surface area and can be applied on different material systems with
various thin film techniques.

Electrostatic spray deposition is a widely applied technique for porous thin films as it is
suitable to grow films with porous nature. During the synthesis, the precursor droplets arrive at
the substrates when still wet and lead to simultaneous spread of droplets and evaporation of
solvent, forming porous structures.[84] Furthermore, the morphologies can still be tuned by
altering synthesis parameters and it can be applied on multiple cathode systems.[85]-[88]

Spinel-type Shui et al.[89] synthesized and compared sponge-like porous, fractal-like porous,
and dense LiMn204 thin films on Pt foils, which turned out the mesoporous sponge-like films
with highest surface area demonstrated the best performance with 120 mAh g™ at 0.5C and 62.4
mAh g at 10C. Lafont et al.[90] also studied LiNio.sMn1.504 and further explored the effect of
solvent towards film morphologies and grain coarsening under annealing.

Layered-type Koike et al.[91] compared the porous spinel LT-LCO and layered HT-LCO and
reached similar conclusion to Xia’s report[80]. The layered HT-LCO has better electrochemical
performance with capacity of 140 mAh g! at rate of 1C and 93% capacity retention for 100
cycles (equals to 9x1072% capacity loss per cycle) at 1C. Wang et al.[92] reported 3D porous
V20s nanoparticles with “multi-deck cage” morphology on stainless steel substrates. As seen in
Figure 1.15(a), confirmed by EDS, the 2D reticular structure, 2D-3D mixed structure, and 3D
porous multi-deck cage structure were obtained sequentially merely by increasing the deposition

time. This structure exhibits an excellent rate performance shown in Figure 1.15(b), i.e., the
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gravimetric capacity of the film is 142 mAh g at 0.5C and 86.7 mAh g at 56C under voltage
window between 2.5V-4.0V (corresponding to 1 Li intercalation). With respect to cycling
performance, the film shows no virtual capacity loss for 200 cycles. The group also explored 3D
porous Feo.1V20s.15 thin films using ESD with enhanced cyclability, suggesting the potential of
obtaining complicated film compositions with controlled morphologies for cathodes using EDS.
Template-assisted synthesis Recently, a templated sol-gel method was applied to synthesize
mesoporous LiFePOa thin films on Pt/Si substrates.[93] Mosa et al. mixed polyisobutylene-
block-poly(ethylene oxide) (PBI-6-PEO) amphiphilic block copolymer with LiFePOs sol-gel
precursors solution, which was later transferred onto substrates using dip coating to produce
composite films, after which the copolymers were removed by thermal treatment to achieve the
desired porous film morphology. The assembled cells show excellent electrochemical
performance with a volumetric capacity of 40 pAh cm™ pum™ (gravimetric capacity of 159 mAh
g!)at 1.5C and 38.5 uAh cm? um™ at 7.5C. The cells can be cycled at 1.5C with an initial
gravimetric capacity of 159.43 mAh g!' and 9x107% capacity loss per cycle, as well as a high
average coulombic efficiency of 99.5%. Furthermore, the films experienced minor structural
degradation despite that LiFePO4 went through relatively large volume change during
cycling,[94] which is because the nanostructure is internally connected among pores, providing
good structure stability.[95] Park et al.[96] also used templated synthesis method on LiMn204
thin films with enhanced performance. However, the improvement is not as significant as Mosa’s
report on LiFePO4.[93] Despite different physical properties of different cathodes, the
performance could also be from the different templates used. Regarding LiFePOs, PBI-b6-PEO
precursors were mixed with LiFePOu precursors first at atomic level then PBI-b-PEO/LiFePO4

composite films were deposited, whereas LiMn204 thin films were coated on arranged insoluble
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polystyrene (PS) microspheres on substrates. This indicates that synthesis methods with reactions
at a finer scale should lead to better performance, for example, electrodes synthesized using sol-
gel method are expected to have better electrochemical performance than that by solid-state

reactions.[97]
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Figure 1.14 (a) Process of how the 3D porous multideck-cage structure is formed from 2D
reticular structure with increased layers; (b) Rate performance of 3D porous multideck-cage
structure at 8C, 16C, 24C, 32C,40C, 48C, and 56C; (c) Cycling performance for 200 cycles.
Electrodeposition Other than porous film morphologies and nanorod/pillar morphologies,

several other novel film morphologies were also explored. Yu et al.[98] applied a sol-gel
combined anodic electrodeposition methods and grew mica-like V20s thin films. The electrodes

exhibit excellent cyclic performance with the first-cycle capacity of 620 mAh g! (vs Ag/AgCl)

about 4.8x107'% capacity loss per cycle for 50 cycles at 4.6C, and the morphology sustains. Xia
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et al.[99] applied a similar combined method for mesoporous LiMn204 nanowall arrays. They
first deposited Mn30O4 seeds onto Au substrates using cathodic deposition techniques, then
achieved desired LiMn204 composition through chemical lithiation. It shows a 131.8 mAh g'!
gravimetric capacity at 1C and 97.1 mAh g at 20C, and the cycling performance is satisfying
with only 4x1072% capacity loss per cycle for 200 cycles. This advanced 3D morphology
exhibits better structural stability and electrochemical performance than the previously discussed
mesoporous LiMn204 thin films due to more stable building blocks.

Despite various synthesis techniques or film morphologies, in general, synthesis methods that
engage atomic level reactions can lead to finer structures and better performances, and,
morphologies with interconnected network are usually superior in structural stability. In addition,
not specified above, post-deposition thermal treatment is generally required for better

electrochemical performance as it ensures crystallinity and films adhesion with substrates.
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1.4.1.2 Hierarchical film growth on nanostructured substrates (Bottom-up method)

Hierarchical nanostructured film
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Figure 1.15 Schematic drawing of thin film modification approach that nanostructured thin film
cathode is grown on pre-nanostructured substrates to achieve hierarchical nanostructured thin
film cathodes.

Slightly different from the abovementioned section “nanostructured films design”, this section
refers to film depositions on substrates with nanostructured surfaces. As it is summarized in
Figure 1.16, the substrates can be classified as post-structured substrates (patterned substrates)
and as-prepared substrates (conductive paper/foam), and post-structured substrates can be further
divided into “top-down” and “bottom-up” modified flat surface substrates. In addition to
nanostructured substrates, thin films can be deposited onto the substrate’s surfaces through either
conformal film depositions or nanostructured film depositions, where the latter are also referred

to hierarchical film architecture design. These methods usually grant more design possibilities
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and often provide better electrochemical performance due to better utilization of the limited

substrates footprints with more sophisticated structures.
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Figure 1.16 (a) Schematic drawing of the finalized film microstructure; (b) SEM images of the
film morphology before cycling; (c) SEM images of the film morphology after cycling for 30
cycles; (d) TEM micrograph of individual nanowire; (e) Cycling performance of nanostructured
and planar LiMn20s4 thin films for 30 cycles; (f) Impedance versus frequency plot of the
nanostructured and planar LiMn204 thin films after cycling.[61]

Plasma-assisted synthesis Bettge et al.[100] applied plasma-assisted Vapor-Liquid-Soild

(VLS) methods[101] and achieved hierarchical LiMn204 thin film electrodes. In this work, an
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amorphous layer of Si was first grown on planar stainless-steel (SS) substrates using DC
magnetron sputtering, then the plasma-assisted VLS was realized to allow the growth of
aperiodic SiO2 nanowires. The nanowires were then coated with metallic TiN as current
collectors followed by LiMn204 coatings using magnetron sputtering, during which the sample
stage was periodically tilted to improve film continuity. The schematic drawing of the final film
structures is illustrated in Figure 1.17(a). It was reported that the films contained the free-
standing nanowires morphology and were well-preserved after cycling, as indicated in Figure
1.17(b) and Figure 1.17(c). The detailed nanostructure of an individual nanowire is shown in
figure 1.17(d). It confirmed that the LiMn204 thin films consist of nanocrystalline grains that are
about 5 nm in size and orient around 45 with respect to the longitudinal axis of the nanowire due
to the shadowing effect introduced by the oblique angle deposition. Such a morphology exhibited
the nanoscale roughness with further increased surface areas (about 5 times than planar
morphology), thus showing better electrochemical performance compared to planar films.
However, as seen in Figure 1.17(e), the planar film exhibits better cyclability, which maybe
attributed to: 1) the detachment of nanowires or LiMn204 grains due to the interspaced nature of
nanowires and grains; 2) the Mn cations dissolution due to increased surface exposure to
electrolyte.[102] Despite the undesirable cyclability, the films show obvious decrease in charge
transfer resistance due to the shortened particle dimensions as evidenced by EIS results in Figure
6(f). This work is a very comprehensive demonstration of a standard design approach especially
with the readily available growth of Si nanowires on almost any substrate surfaces. However,
silicon is not conductive and requires additional conductive coatings. In order to solve this issue,

plasma assisted synthesis was also applied to achieve carbon-based nanostructures.[103]
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Mask-assisted synthesis Shaijumon et al.[104] grew Al nanorods directly on Al foils using
pulsed-potential electrodeposition with the assistance of anodic aluminum oxide (AAO)
membranes,[105] and LiCoO: coating was obtained by thermal decomposition of spray-coated
LiCoOz2 sol-gel precursors. This method is facile for different cathode systems as Al is a suitable
current collector for positive electrodes, however, the density and distribution of the Al nanorods
heavily depend on the mask quality.

Template-assisted synthesis Liu et al.[65] used engineered tobacco mosaic virus (TMV) as
template for 3D LiFePO4 cathodes with Ni and Ti buffer layers as current collector. TMV is a
type of cylindrical particles with high aspect ratio and can be grafted onto metal surfaces through
self-assembly. Yim et al.[106] achieved 3D hemisphere-structured LiSno.o125Mn1.97504 using PS
beads as a template. A suspension of polystyrene nanoparticles was spin-coated on SiO2/Si
substrates, which were then coated with Ti and Pt coatings and lastly LiSno.012sMni1.97504 was
deposited using RF sputtering. The films exhibited an increased specific capacity and rate
performance, but slightly decreased capacity retention due to lack of robustness by hemisphere
microstructures when compared to planar films. Template-assisted synthesis enjoys advantages
regarding versatile film morphologies and different material systems. However, similar to the
case of the mask-assisted synthesis, the performances are heavily dependent to the templates and
should be designed wisely.

Chemical etching Mattelaer et al.[107] derived patterned silicon micropillars using a top-
down chemical etching technique for 3D vanadium oxide thin film cathodes with TiN and Pt as
current collectors. Both amorphous and crystalline VO2 and V20s thin films were then
conformally deposited on substrates using ALD and their electrochemical performances were

both improved compared to planar geometry. Besides, chemical etching can also achieve
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different surface morphologies[108] with further enhanced electrochemical performance.
However, the thickness of films is usually not uniform throughout the surfaces due to shadowing
effect.[90] Therefore, techniques that can achieve conformal coatings are essential for excellent
electrochemical performance, and ALD is currently the most fitted technique in this
direction.[67], [109], [110] Although coating of randomly distributed particles can easily fix this
issue, the loading of active materials are greatly reduced.[108]

Lithography Gerasopoulos et al.[111] combined top-down and bottom-up methods to achieve
3D V20s electrodes. First, Au micropillars were grown on silicon substrates using microplating
and lithography. Then, a uniform layer of TMV nanorods was coated on Au micropillar surfaces
through self-assembly.[65] Next, a uniform layer of Ni was coated on the TMV rods from an
electroless plating bath followed by another layer of conformal V20s through ALD. The results
were compared between the only nanostructured V20s and hierarchical V20s, and the latter one
has much higher capacity and rate performance due to further increased surface areas. This
indicates that, by combining multiple thin film modification approaches, the design can enjoy
structural versatilities for property design and the increased surface area can further enhance
electrochemical performance as well as the loading of active materials.

The above discussion has covered the design of nanostructured surface on planar substrates
and their effects on battery performance. Different from those substrates, some porous
conductive substrates, e.g. nickel foams, graphene foams, carbon papers, etc., can be directly
synthesized to build hierarchical 3D electrodes or self-supported flexible electrodes.[112]
Among these substrates, the carbon-based substrates are the most studied due to the extremely

lightweight and ability to deform.
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Deposited particles Due to the porous nature of these substrates, as-grown cathode particles
can be directly deposited on using very simple deposition techniques.[113] Gittleson ef al.[114]
used spin-spray layer-by-layer deposition of V20s nanowires on porous Celgard separators for
transparent energy storage. Seng ef al. [115] mixed multi-wall carbon nanotubes (MWCNTs)
with ultra-long V205 nanowires and formed self-supported flexible films using simple membrane
filtration techniques. Zhang et al.[116] mixed reduced graphene oxide (rGO) nanosheets with
ultralong V20s nanowires under hydrothermal treatment to form flexible films, where the rGO
substrates not only increase the electronic conductivity of the films but also suppress the
irreversible phase transition of V20s under wide voltage range (1.0 -4.0 V).

Grafted particles Despite the simple synthesis procedures, this type of thin films requires large
particles to be seated between the empty space of the porous substrates, which can lead to
unsatisfying cycling performance as the weak material-to-substrate adhesion and limited loading
of active materials. Therefore, particles can be grafted onto substrate surface through coating
techniques to avoid this issue. Sathiya et al.[117] functionalized carbon nanotubes (CNTs) with
concentrated nitric acid to introduce function groups, and grafted V205 onto the surface through
chemical reactions between functional groups. The obtained films have loading of 2 mg cm™ and
show 5% capacity drop for 25 cycles tested at 0.5C between 1.5V-4.0V. Chen et al.[118]
synthesized MWCNT sponges using chemical vapor deposition and V20s was coated as a
conformal amorphous layer by ALD. It shows about 7.5% capacity drop for 25 cycles at 0.2C
but with much higher specific capacity than Sathitya’s report.[117] This work largely improved
the loading of active materials with the high-density CNTs in the sponge, and the core-shell
morphology can also prevail in the issue of low mechanical strength and electrical conductivity

of amorphous V20s.[119] Brown ef al.[120] used a scalable one-step pulsed electrodeposition
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technique and grew amorphous V20s on carbon nanofiber membranes (CNFs), which also
demonstrated improved electrochemical performance.[115]

Other cathode material systems were also explored. Chen et al.[121] grew a layer of densely
anchored VO:2 nanoflakes on carbon cloth substrates with hydrothermal technique, which gives
an initial capacity of 289 mAh g™ at 0.2C and 126 mAh g! at 20C. LiFePO4 nanoparticles was
coated on Graphene foams(GFs) by Li et al.[122] using hydrothermal method, providing 164
mAh g at 0.2C and 114 mAh g at 50C. The work further demonstrated flexible all-solid-state
battery application with good electrochemical performance under repeated mechanical
deformations. Besides, LiFePO4 nanosheets/GFs cathodes synthesized by the same hydrothermal
method show slightly better rate performance than that of LiFePO4 nanoparticles/GFs, which is
expected as the hierarchical nanosheets structure has higher surface areas.[123]

In conclusion, film depositions on nanostructured substrates (hierarchical nanostructured
films) is a more advanced modification approach for thin film cathodes when compared to only
nanostructured films. Particle coated nanostructured substrates can have more designable
variables such as particle morphologies, particle sizes, particle densities, particle distribution,
etc., which on the other hand require more delicate control of synthesis parameters. As to
conformal coating, the critical issue comes whether a uniform layer of coating can be achieved,
most of which is accomplished by atomic layer deposition or other wet-chemical based

methods.[110], [124]-[126]
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1.4.1.3 Nanostructuring on planar electrode (Top-down method)
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Figure 1.17 Schematic drawing of thin film modification approach that as-deposited thin film
electrodes are nanostructured using laser technique.

The above sections introduced a series of modification approaches involving various thin film
techniques such as wet-chemistry, vapor deposition, and catalytical growth, etc. Though the
abovementioned approaches grant high tunability, desirable structures normally require a
complicated synthesis route and post-annealing is often time-consuming. Therefore, these
advanced 3D electrodes are not cost-effective enough to be industrialized at this stage, not to
mention that most of the work introduced above involves mainly model cathode materials,

indicating its early-stage development.
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Compared to the above methods, the laser-based cathode processing technique is a relatively
new modification approach that can achieve designable 3D nanostructures on electrodes and can
accomplish annealing process in large scale and short time.[68] This approach can also be
classified as top-down method as it is a post-treatment and requires as-prepared electrodes. The
basic operating principle to realize 3D electrode using laser processing techniques can be
classified as two types, which are shown in Figure 1.18: 1) Direct structuring: a beam of laser is
focused on the film surface and the stage will move in a programmable fashion. Different
morphologies can be obtained by different combination of laser mode (pulsed or continuous) and
stage movement (direction and speed); 2) Laser-assisted self-structuring: laser beam is shone on
the film surfaces and the active materials will be ablated followed by subsequently re-deposition
on the film surface to form a structured morphology.

Layered type Most of the current works have been focused on direct structuring due to its
programmable characteristics. Kohler ef a/[127] used excimer source laser on RF magnetron
sputtered LiCoO: thin films and obtained two different conical surfaces by changing laser

operation modes. The surface structures show 5 to 10 times larger surface area than the as-

deposited films. Laser annealing can be performed for only 13.2 s in ambient air at 700 °C to

obtain HT-LCO phase with improved crystallinity and increased grain size. Laser sources with
different wavelengths affect differently on electrochemical performance as different ablation
rates result in different cone heights. This work demonstrated that the surface area can be largely
increased by laser structuring, and microstructures, as well as electrochemical performance, can
be tuned by laser operation parameters.

Spinel type Different film morphologies obtained through direct laser structuring were studied

and compared. Proll et al.[128] used LiMn204 thin film cathodes on stainless steel obtained by
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RF magnetron sputtering. The wettability of electrolyte and electrochemical performance
between different surface morphologies were compared. The four different types of surface
morphologies are shown in Figure 1.19(a)-(d), and all the nanostructured surfaces show an
increased wettability with electrolyte. The cycling performance can be seen in Figure 1.19(e), the
grating structure (Figure 1.19(d)) shows the highest initial capacity of 120 mAh g™ at 0.5C but
decays to only 20 mAh g™! at 30" cycle. The line structure (Figure 1.19(b)) shows the best
cycling performance while not the highest capacity, which is possibly due to the stable structure
but smaller surface area when compared to the grating structure. Despite the improved
electrochemical performance, the author claims the laser processed film contains a 30% loss
inactive materials due to the laser ablation, which could be a significant issue to active materials

loading.
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Figure 1.18 SEM micrographs with different patterns of (a) holes, (b) line, (c) grating and (d)
free-standing surface structures; (¢) Cycling performance of LiMn204 thin films with different
surface morphologies for 30 cycles at 0.5C.[128]

Proll et al.[129] further optimized processing parameters for laser structuring and annealing,
which lowered the active material loss to below 0.13%. However, this study shows different
results from the previous report. The free-standing morphology in this study has better rate
performance and cyclability compared to line structure, while the two has a similar initial

capacity. It was explored that the combination of laser structuring as well as laser annealing

produced a hierarchical nanoscale and microscale structures which was not discussed in the
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previous report.[128] The post-mortem analysis shows that line structure exhibits film
delamination and cracking, causing bad cycling performance. Furthermore, this result seems to
be contradictory to his previous report as well.[128] Further efforts are needed in this area to
reach consensus in the field.

The obvious difference of laser-assisted self-structuring from the direct laser structuring is its
free redeposition of the ablated materials on top of the pristine surface structures. Kohler ef al.
studied electrochemical performance self-organized LiCoOz thin film and formation mechanism
of conical surfaces.[130] The film demonstrated a similar conical structure with slightly higher
randomness compared to directly structured surface, and an increase in electrochemical
performance as well as cycling stability. Further, as stated above, the formation of such conical
structures was proved to consist of different domains with different chemical compositions,
thicknesses, and crystallinities, which are related to in-situ grain growth from laser radiation and
ex-situ grain growth from redeposition of ablated particles. By applying the same principle,
Hudaya et al.[131] successfully obtained 3D HT-LCO with largely enhanced rate capability.

In short, laser structuring can be a scalable and cost-effective process, and the nanostructures
can be tuned by different laser sources (excimer lasers, ns fiber lasers, and fs-lasers) and
operation details.[132] However, not much work is performed in the thin film electrodes field

despite that there is an obvious need in thin film cathode field to achieve scalable capability.

1.4.2 Nanocomposite design (two or more phases)

The above sections have summarized the improvement of the electrochemical performance of
single-phase thin film cathodes via nanostructure designs, with a basic principle, i.e., to design
nanostructures with high surface area that are mechanically stable. However, such designs can

have certain inevitable issues, for example, the highly reactive surface states can favor
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undesirable side reactions at the electrode-electrolyte interfaces.[86], [104], [117], [133] Besides,
the nanostructured materials can still experience intrinsic property issues such as low
conductivity, bad chemical stability, etc. due to the limitations of selected active materials.
Therefore, the concept of nanocomposite can be introduced to overcome these issues by
introducing a second phase (or more) that is high in conductivity or chemical stability.[134] This

is an important modification approach as it provides flexible nanostructured design approaches.

Surface coated nanocomposite
e ——
e

Substrate Substrate

Figure 1.19 Schematic drawing of thin film modification approach of surface coating on planar
or nanostructured thin film electrodes.

1.4.2.1 Surface coating nanocomposite (Bottom-up method)

Nanocomposite modification types can be simply classified into two groups, i.e., introducing
the second phase on top of the matrix phase, that is, surface coating. The schematic drawing of
different surface coating modification types can be divided into 1) surface coating on planar
films and 2) surface coating on nanostructured films.

Physical protection layers Due to the well-known transition metal dissolution and electrolyte
oxidation issues of LiMn204,[47], [48] this material usually requires surface coatings as physical
protective layers.[135] Mattelaer ef al.[60] studied the outcome of ultrathin amorphous coating

of Al203 and TiO2 by ALD on Pt/TiN/SiO2/Si substrates. Upon overcharging (> 4.4V) at low
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cycle rate (0.5C), both Al203 and TiO: are useful in suppressing electrolyte oxidation, while
TiOz2 has slightly better suppression but also needs to go through an activation process before it
can act as a protective layer. However, the rate performance of Al2O3 coated LiMn204
deteriorates very fast with increasing C-rate, even worse than uncoated LiMn204, whereas TiO2
coated LiMn204 shows an improved rate capability than uncoated LiMn20a4. This behavior is
also observed morphologically, where the surface of cycled Al2O3 coated LiMn204 roughens
more dramatically than that of TiO2 coated LiMn204, which is because the dielectric Al2O3
coating only defers the SEI formation but TiO2 suppresses the SEI formation as well as
contributes to lithium ion conductivity. In the meantime, Teranishi ef al.[136] obtained similar
yet more comprehensive conclusions using LiCoOz electrodes with dielectric BaTiOs (BTO)
coating. Fully covered planar BTO coating and dot BTO partially coated on LCO electrodes
were compared. The planar BTO shows similar results with Mattelaer’s case,[60] but the dot
BTO coating shows highly enhanced rate performance, which is explained by Teranishi et al.
that the BTO-LCO-electrolyte triple junction generates negative charges by the enhanced electric
dipole moment at the junction, which attracts Li" ions. This work makes a great demonstration
on how thin film systems are helpful in analyzing working mechanisms of complicated
nanostructured/nanocomposite electrodes without hindering effects from binders or conductive
additives.

Besides electrochemically inactive coatings, researchers also applied solid-state electrolyte
materials directly as coatings, such as LiPON[137] and Li3PO4[138], to improve the
electrochemical performance of thin film cathodes.

Better conductive media Surface coating techniques are usually applied together with 3D

nanostructured electrodes for further improvement in performance as advanced electrodes.
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Olivine LiFePOs cathodes are known for sluggish kinetics due to the one-dimensional lithium
conduction paths and low electrical conductivity of the crystal structure,[35] surface coatings are
commonly applied as better electron/ion-conducting media.[38], [139] Carbon coating was
applied to tobacco mosaic virus (TMV) template-assisted LiFePO4 nanoforest with Ti and Ni as
current collectors.[65] LiFePO4@C nanoforest cathode shows much better rate performance and
cycling stability with nearly 100% columbic efficiency and pertained morphology after 450
cycles. Similar structures can also be achieved through other synthesis approaches such as laser
structuring on carbon-coated planar films[131] or simple PVD technique using composite
targets.[140]

Instead of the most commonly applied carbon coatings,[42] N-doped carbon (N-C) coating
can be used as an advanced coating material because N element was proven to be able to
promote electron transfer and lower the energy barrier of lithium penetration in LIB
applications.[141]-[143] A continuous layer of cross-linked LiFePO4@N-C particles with
nanopores was uniformly decorated on the carbon cloth surface by Pan et al.,[144] which
improves the gravimetric capacity, rate performance, cycling performance with decreased

polarization and charge transfer resistance when compared to LiFePO4/C slurry electrode.
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Figure 1.20 (a) Schematic drawing of the synthesis procedure of N-C@VO2 nanoflakes arrays;
(b) Cyclic voltammetry of VO2 nanoflakes arrays and N-C@VO2 nanoflakes arrays; (c¢) EIS
measurements of VO2 nanoflakes arrays and N-C@VO2 nanoflakes arrays; (d) Charge-di
discharge profile of VO2 nanoflakes arrays and N-C@VO:2 nanoflakes arrays at 0.2C; (e) Rate
performance of VO2 nanoflakes arrays and N-C@VO2 nanoflakes arrays at 0.2C, 1C, 3C, 10C,
15C, and 20C; (f) Cycling performance of VO:2 nanoflakes arrays and N-C@VO2 nanoflakes
arrays for 500 cycles at 1C.[121]
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Similar to LiFePO4, VO: also experiences low electrical conductivity. N-C coating was
deposited on VO2 nanoflakes by Chen et al.[121]. As shown in Figure 1.21(a), the VO2
nanoflakes were first anchored on carbon cloth through hydrothermal synthesis, and the N-C
coating about 3 nm in thickness was subsequently coated by self-polymerization. The
electrochemical performance comparison is shown from Figure 1.21(b)- (f). Figure 1.21(b)
shows that VO2@N-C has better electrochemical reactivity and smaller polarization due to a
better conductive network of N-C coating compared to pure VO2 nanoflakes, which is also
confirmed by the EIS results in Figure 1.21(c). The charge-discharge profile in Figure 1.21(d) of
VO2@N-C and VO3 at 0.2C shows that VO2@N-C has higher discharge capacity of 325 mAh g’!
at 0.2C, decreased polarization, as shown in the rate test results in Figure 1.21(e). Furthermore,
VO2@N-C showed good cycling performance with about 9.4x107% capacity loss per cycle at
1C for 500 cycles.

Different from carbon-based coatings, Xia et al.[145] explored hydrogen molybdenum bronze
(HMB), a n-type semiconductor with both high ionic conductivity (10> -102 S m™!) and
electrical conductivity (10° -10° S m™), as coating material to improve film kinetics. VO
nanoflakes arrays were obtained on Graphene foams (GFs) using hydrothermal synthesis and a
layer of 15 nm thick HMB shell was coated on the nanoflakes, which largely improves the
capacity and rate performance compared to similar the VO2 nanoflakes on carbon cloth
mentioned above.[121] It exhibits a specific capacity of 415 mAh g™ (0.2C) and 219 mAh g'!
(30C) with satisfying cycling performance at very high current densities (about 9.1x1073%
capacity loss per cycle at 30C for 500 cycles).

HF scavengers Except for conductive coating functionality, surface coating can also act as HF

scavengers[146] in liquid electrolytes involved batteries as the inevitable trace amount of
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moisture in the batteries can react with electrolyte and generate HF to further attack active
cathode materials and cause permanent performance decay.[147] It is worth noting that the role
of surface coatings is similar to physical protective layers, but in this scenario the side reaction
specifically refers to the HF attack that only occurs in specific battery systems. Liu ef al.[148]
coated an amorphous layer of LisPO4 on amorphous FePO4 by ALD on CNTs. The author
observed the increased structural stability of LisPOa4 coated cathodes as it acts as HF scavenger
for suppressing the SEI formation. In addition, Al2O3 was coated on FeF2 with inverse opal Ni
3D scaffold substrates using ALD, which further confirms that combinations between 3D
nanostructures and surface coating can maintain good kinetics and suppress side reactions due to
large surface areas.[149]

Surface coating approach is an effective method to modify thin film cathodes, and it can be
combined with nanostructured cathodes to further improve the performance. Roughly, the
surface coating can act differently such as conductivity promoter,[65], [121], [144], [145]
protective layer,[60] HF scavenger in liquid cells, [146]-[149] or surface chemistry modifier (the
last example was not introduced above).[150] Furthermore, the surface coating morphology can
be either rough particle coating, core-shell coating or ultrathin coating with different pros and

cons.[150]
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1.4.2.2 Co-grown nanocomposite (Bottom-up method)

Co-grown nanocomposite
a9
Bk

)
Phase A Phase B
: :
C Matrix Matrix

Substrate Substrate

Various morphologles

Mechanically mixed

Film growlh

Substrate Substrate

Figure 1.21 Schematic drawing of thin film modification approach that the secondary phase and

matrix phase are co-deposited on substrates with different morphologies, where the two phases

can be either mixed mechanically or treated using chemical method, and the morphology of the
secondary phase can be tuned.

Apart from surface coatings, nanocomposite approaches can also be designed from the bulk
perspective of thin film cathodes. The co-grown nanocomposites can be regarded as a mimic of
thick film slurry electrodes with co-deposition of two different phases and the morphology of the
secondary phase is tunable in the matrix phase. The most representative modification examples
are schemed in Figure 11. In short, the two phases can be mixed either mechanically or
chemically, which can then be co-grown on substrates with alterable morphologies such as
particles, multilayers, nanopillars, or mixed domains.

Carbon conductive additives As it is introduced above, thin film electrodes generally

experience slow kinetics as most cathode materials are oxides with sluggish kinetics, and the

attempt of introducing conductive materials into cathode thin films can be traced back to early
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2000s. LiFePOs4, as model system with sluggish kinetics, was studied by Chiu.[151] He
mechanically mixed LiFePO4 precursors with carbon sources and made LiFePO4/C composite
targets. The LiFePO4/C composite films were deposited by RF magnetron sputtering on Si(100)
and stainless steel substrates under optimized growth parameters, which show increased capacity
and decreased resistance compared to pure LiFePO4. Afterwards, Chiu ef al.[152] further applied
a layer of Ti buffer and proved it be able to enhance crystallization, grain growth, and increase
film-to-substrate adhesion. Further, Lu ef al.[153] and Zhou et al.[154] explored the effect of
carbon amount in the cathode matrix. Despite the different conclusions in detail,[97] they arrived
at a general trend that the specific capacity will be lowered but the kinetics of the electrodes will
be improved with increase of carbon amount. Further, a minimum amount of carbon, is required
to reach desirable electrochemical performance but overdosed carbon can start to deteriorate the
performance. Besides, the selection of carbon sources can also make a difference in performance.
Metal conductive additives Conductive materials other than carbon were also studied. Lu ef
al.[155] used Ag as the second conductive phase. Different from the mechanically mixed carbon
source and LiFePO4, Ag was chemically coated on LiFePOs particles via colloidal process before
mixed and pressed into a composite target, where the composite film was then deposited on
Pt/T1/S102/S1 substrates using PLD. The LiFePO4/Ag composite films demonstrate much higher
volumetric capacity, better rate performance and increased cycling stability with much lower
weight percent of Ag compared to LiFePO4/C films. This behavior can be possibly explained by
the more uniform mixture between active materials and conductive materials through chemical
coating at atomic level compared to simple mechanical mixing.[97] In addition to Ag, Au and

mixed metals were also studied for LiFePOa,[156] and the mixed metal can not only increase
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kinetics but also prevent the active materials from unfavorable side reactions for specific cathode
systems.[157]

All the above works lack the discussion from the morphological perspective of the
nanocomposites, that is, no direct evidence such as TEM images were presented to confirm how
the secondary phase is distributed in the matrix phase, which could lead to inaccurate
conclusions. For example, Eftekhari claims that cobalt oxide exists as surface coating on
LiMn204 through mixed-metal co-deposition process[157] because the capacity fade was
suppressed and surface coating was proved to be effective in this sense.[150] However, this
suppression could also be from the change of Mn valence states due to interdiffusion of cobalt
oxide phase with different morphologies.[47] This lacking perspective is critical as it can provide
design insights and helps study working mechanisms.

Metal conductive additives PLD, known as an easy stoichiometry control technique,[123],
[158]-[161] combined with careful TEM studies examining the microstructures of thin film
cathodes have been proven effective in studying fundamental mechanisms of cathode materials
and improving electrochemical performance.[76], [162]-[164] Inspired by LiFePO4/Ag
composite example, LiNio.sMno3C00202(NMC532)/Au nanocomposite thin films with different
Au concentration was deposited on Au buffered stainless steel substrates.[164] The results show
that moderate amount of Au addition can improve the electrochemical reversibility and Au
particles act as local current collectors in the electrode and shortens the lithium/electron diffusion
pathways. The details can be found in Chapter 3. In addition, metal-oxides nanocomposite
Li2MnO3/Au with Au existing as tilted pillars instead of particles, which shows improved
kinetics and the tilted pillars renders anisotropic optical properties. The details can be found in

Chapter 5.
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Properties compensators The secondary phase can not only enhance conductivity, but also act
as a structural stabilizer, cost reducer, or simply any role to compensate for the downside of
matrix materials. Shi ef al.[165] designed a very simple composite structure of pure phase
LiV30s, but with nanocrystalline phases dispersed in amorphous matrix. Amorphous LiV3Os has
larger lithium diffusion coefficient, giving higher capacity and rate performance, whereas
crystalline Li1V3Os has better capacity retention. This simple nanocomposite design combined
both the advantages of amorphous and crystalline LiV30s and the properties can be further tuned
by the ratio and distribution of the two phases. Yu ef al.[166] followed similar design principle
and achieved nanocrystalline Li4aTisO12(LTO)/Ti102(TO) nanocomposite. LTO contains a stable
structure upon cycling while TO has better rate performance. The nanocrystalline composite
provides high density of grain boundaries and electrolyte available channels for high capacity

and good cycle stability.
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Figure 1.22 (a) Schematic drawing of composite NMC-Li2MnOs thin film; (b) Schematic
drawing of multilayered NMC-Li12MnO3 thin film; (c) TEM micrograph showing microstructure
of composite NMC-Li2MnO3 thin film; (d) TEM micrograph showing microstructure of
multilayered NMC-Li2MnOs thin film; (e) Cycling performance of composite NMC-Li2MnOs3,
multilayered NMC-Li2MnOQO3, and pure NMC for 25 cycles; (f) Rate capability of composite
NMC-Li2MnOs3, multilayered NMC-Li2MnOs3, and pure NMC.[163]
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The composite Li rich cathode has very large voltage window, high reversible capacity, and
decreased cost due to the introduced secondary structural stabilizing phase (Li2MnQOs3), but how
Li2MnOs takes role in the composite remains debating.[34] Clement et al. studied the
performance between traditional Li rich mixed-phase composite cathode and multilayered
nanocomposite where the LizMnOs3 exists in NMC matrix with multilayer morphology,[163]
which is schemed in Figure 13 (a)-(b). The multilayer composite has the isolated nanosized
Li2MnO3 multilayer domains whereas the mixed-phase composite has uniformly mixed two
materials, as indicated in Figure 13 (c)-(d), which allows higher capacity and better rate
performance (Figure 13(f)) as the lithium diffusion behavior and pathways are more affected by
NMC, that is, more conductive. In the meantime, the nanosized domains still stabilize the
structure with better cycling performance shown in Figure 13(e). The work demonstrates the
tunability of electrochemical performance with different morphology of the secondary phase and
the additives-free thin films can provide new insight for nanocomposite design.[167]

In short, nanocomposite design is also a promising solution to improve the film kinetics like
single phase nanostructure design. Additionally, with the correct selection of the secondary
phase, this method can help compensate the downside of the nanostructured electrodes such as
highly reactive electrode-electrolyte interfaces. However, there is lack of work regarding the
morphological study of co-grown nanocomposites, which can provide insights on designing

advanced thin film cathode materials.



63

2. EXPERIMENTAL SECTION

2.1 Pulsed laser deposition (PLD)

Pulsed laser deposition (PLD) belongs to the physical vapor deposition which applies

Ultraviolet (UV) light to hit target materials. The highly spatial coherent laser enables condensed
and directional irradiation that has high energy densities. The PLD technique has advantages such as
1) easy complex stoichiometry control as it can easily reproduce the stoichiometry in the target
materials; 2) almost all metals and ceramics can be grown as thin films using PLD techniques due to

the versatile target preparation process.
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Figure 2.1 Schematic drawing of a general PLD system.[168]

The typical setup of the PLD system contains several critical parts including a multi-target holder,
a substrate holder, and a turbo pump system able to reach high vacuum. The illustrated setup is

shown in Figure 2.1. For a general deposition, the substrate is loaded onto the holder, the chamber is
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pumped to vacuum by turbo pump, the substrate is then heated and stabilized to the desired
temperature, the chamber can then either be kept at vacuum or filled under gas atmosphere. The laser
is then passed through the window through a set of optical lenses and focused on the target surface.
It’s also important to introduce the detailed process of a thin film deposition to understand the
mechanism of the growth. During the process, the laser radiation is first hitting the surface of the
target. The electromagnetic energy of the laser is absorbed by the target materials and then
transferred to electronic excitation. Then, the energy will be further transferred into thermal and
kinetic energy, which causes the melt and vaporization of surface target materials and later formation
of “plume”, which consists of different energized species such as atoms, molecules, ions, electrons,
etc. At last the species will travel toward the substrate surface and stack to form thin films. Several
typical types of growth models include 3D island-type growth, 2D layer-by-layer growth, and mixed
layer/island growth, which is shown in Figure 2.2. The different growth quality of films can be
related to temperature, background pressure, substrate-to-target distance, laser parameters, target

properties, substrate properties, and laser-target interactions.

(a) (b)

Substrate Substrate Substrate

Figure 2.2 Schematic drawing of three different thin film growth modes: (a) island mode, (b)
layer-by-layer mode, and (c) mixed island-layer mode.
Based on the mechanism proposed by J. Narayan and R.K. Singh in 1990,[168] the target-laser
interaction can be summarized into three steps, which are shown in Figure 2.3: 1) interactions

between laser and target that causes evaporation of surface materials; 2) interactions between
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evaporated materials and laser that causes plasma formation; 3) anisotropic expansion of plume and

deposition of films. For all the films mentioned in later sections, the depositions are achieved using

Lambda Physik Compex Pro 205, A=248nm). Different targets were prepared for different thin

film depositions. The temperatures used for depositions were between 550 °C to 750 °C The

oxygen partial pressure for different depositions were between 10 mTorr to 50 mTorr. The

substrate-to-target distance for all depositions was 4.5 cm. The laser fluence was adjusted

between 5 to 12 J/cm?. Information about the target making process and more detailed

experiment can be found in later sections.
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Figure 2.3 Laser-target interaction during formation of one pulse.[168]

2.2 Sputter

Sputter is another type of PVD technique that enjoys great interest especially in industrial

fields, and the schematic drawing of a common sputter system is shown in Figure 2.4. During the

deposition, a high negative bias is applied at the cathode, and it will ionize the ambient gas
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molecules. The positive ionized gas ions are then attracted to the biased target materials and
further trigger a cascade collision of ions and electrons. The bombardment of gas ions introduces
sputtered target particles and then be deposited to the substrates. In most sputter systems, the
magnetron setup is applied where permanent magnets are placed behind the target to create a
magnetic field to help the species move along a helical path near target, which can largely
improve the ionization yield of the system.[168] In our work, the DC sputter was applied for
growth of Au buffer layers on stainless steel substrates, and more details will be discussed in

later corresponding sections.
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Figure 2.4 Schematic drawing of a sputter system.[168]

2.3 Microstructural characterization
2.3.1 X-ray Diffraction (XRD)

X-ray diffraction is a widely applied technique for crystal structure investigation, which is
usually applied for phase identification, lattice parameters determination, texture properties
measurement, average grain size estimation, internal strain calculation, etc. of samples. For the

most commonly used XRD setup, the X-ray is generated from a cathode tube using Cu source
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target. The X-ray is then radiated at the sample with a specific angle and be collected by the
detector. By Bragg’s law, the obtained XRD pattern will only have characteristic peaks at certain
angles, which correlates source properties and materials properties,
nA = 2dsinf
where n represents an integer, A represents the characteristic wavelength of the X-ray source, d
represents the d spacing of the materials to be measured, and 6 represents the angle incident X-

ray radiation forms with sample surface. The illustration of Bragg’s law is shown in Figure 2.5.

Plane normal

A

Incident beam Diffracted beam

Path difference ni /’ | dpi
Figure 2.5 Schematic drawing showing fundamental mechanism of Bragg’s law.

In this work, the XRD was primarily applied for phase identification, crystal lattice parameter
measurement, and texture properties evaluation. The PANalytical Empyrean 2 system is used for
all measurements where the X-ray source is Cu, and more details can be found in appropriate

sections.
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2.3.2 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a commonly applied technique for microstructure
characterization. For a SEM, the high energy ion beam reacts with the surface of specimen and
produce various signals such as secondary electrons, backscattered electrons, characteristic X-
rays, etc., which is shown in Figure 2.6.[169] Different information can be obtained from
different signals, for example, secondary electrons (SE) provide majorly morphological and
topological information of a sample, whereas backscattered electrons (BSE) mainly provide
compositional contrast. Further, characteristic X-rays can help identify compositional
information including elements identification and distribution. In this work, FEI NOVA
nanoSEM field emission SEM was used for all SEM imaging, which was mainly used for surface

morphology confirmation of thin film cathodes.
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Figure 2.6 Different types of signals can be generated from an incident electron beam.[169]

2.3.3 Transmission electron microscopy (TEM)

Like SEM, TEM also utilizes high energy electron beam to obtain high-resolution images for

specimen. However, different from SEM, the TEM uses transmitted electrons instead of reflected
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electrons. A standard TEM system consists of four main components, which are shown in Figure
2.7: the electron source, an electromagnetic lens system, sample stage, and the imaging systems,
which are assembled in a vacuum column backed up by mechanical pumps and turbo pumps.
Regarding the operation mechanism, the cathode emits electrons by heat or high voltage, which
is then accelerated to travel to the anode with a positive voltage, and these electrons are then
confined and focused by the condenser lens and apertures. Lastly, the electron beam will be

transmitted through the sample stage, focused by another series of lenses, and projected on the

phosphorescent screen.
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Figure 2.7 Diagram of a common TEM system.[166]

For a TEM system, magnification and resolution are the two most critical parameters to decide
the quality of the TEM. Magnification is enlargement of the image obtained by the product of all
lenses’ magnifying power with respect to the object, which can be controlled by altering the

acceleration voltage. On the other hand, the resolution is determined by the capability to
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distinguishing the closest spacing between two points, which can be calculated ideally by
Rayleigh criterion:

_ 06122
r= n(sina)

where A represents the wavelength used to imaging an object, « represents the aperture angle,
and n=1 when the system is under vacuum condition. However, for a real TEM system, there are
several factors affecting the ultimate resolution including astigmatism, chromatic aberration, and
spherical aberration.

Two primary operation modes existing in a TEM: imaging mode and diffraction mode, which
are shown in Figure 2.8[165]. The two modes can be altered by changing the focal plane position
of the intermediate lens. Regarding diffraction mode, the image plane is adjusted to the back
focal plane of the objective lens. As to imaging mode, the image plane is at the image plane of
the objective lens. In this work, scanning transmission electron microscopy (STEM) and high-
resolution TEM (HRTEM) are critical. For HRTEM, there are several essential requirements: 1)
objective lens have to be set to reach shortest focal length possible; 2) higher accelerating
voltage is more ideal; 3) field emission guns is better as it reduces chromatic aberration; 4)
smaller objective aperture is suitable as it reduces spherical aberration; 4) the sample of interest
should be high quality with limited ion damage. As to STEM, it is a working mode where beam
is parallel to the optic axis, which produces the contrast proportional to atomic number Z. Apart
from these two primary modes, electron energy loss spectroscopy (EELS) and energy dispersive
X-ray spectroscopy (EDS) can also be collected simultaneously while obtaining regular TEM
images.

To obtain a good TEM image, the thin film sample preparation process is critical. For both

cross-sectional and plan-view TEM, there are several steps required to obtain samples with good
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quality. 1) the sample needs to be first cut to small pieces about Imm X 3mm in size; 2) two
pieces need to be glued together with film facing each other under heating for 4 hours; 3) the
sample needs to be pre-thinned till thickness is between 40 pm to 60 um, and followed by
polishing to avoid visible surface damages using diamond papers (15 pm, 6 um, and 1 um); 4)
further thin and polish the sample to be around 25 pum thick using a dimpler; 5) use ion milling to

create an electron transparent region, which generally happens at the center of the dimple track.
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Figure 2.8 Two primary operation modes of TEM.[165]

2.4 Cell assembly

The coin cells are assembled inside a glovebox, which is filled with Ar atmosphere. The

moisture level and oxygen level are kept under 0.1 ppm to prevent contamination of lithium
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metal and electrolyte. For a coin cell, the lithium metal is used as anode which is cut into 1/2”’
discs using a hand-held punch from lithium ribbon (Sigma Aldrich). These are further flattened
before assembly. The separator for the battery is Celgard 2400, which are cut into size of 9/16”".
The electrolyte used for the cell is IM LiPFe¢ in EC/DEC mixed solvent with molar ratio 1:1. To
start the assembly, the thin film cathode is first placed and centered at the positive casing of the
coin cell, after which 50 pL of electrolyte is added on top of the cathode surface. Then the
separator is placed onto the cathode followed by another 50 pL of electrolyte. The lithium metal
disc is then placed on top of that. It should be noted that both the cathode and anode need to be
centered with respect to the casing position. Lastly, one stainless steel spacer and one spring are
placed on top of the anode in order followed up by the negative casing. The negative casing is
first pre-pressed to close the cell assembly by hand and is then put on to the crimper to fully seal

the cell.

2.5 Electrochemical characterization
2.5.1 Galvanostatic charging

Galvanostatic charging, also known as constant current charging, is the most applied test
method for batteries. During the test, a constant current is given to the cell and the voltage, as
well as capacity, is monitored, which can be repeated for charge and discharge cycles by simply
reversing the voltage. This method exhibits great advantage of obtaining dQ/dV curves, which is
a differential capacity curve like cyclic voltammetry curve that helps identify the chemical
reactions during the cycling process. However, dQ/dV curves have advantages over cyclic
voltammetry in terms of constant over-potential, which is only available at very slow sweep rate

for a cyclic voltammetry measurement.



73

2.5.2 Potentiostatic charging

Potentiostatic charging, also known as constant voltage charging, is a relatively simple testing
method, and often a supplementary charging technique combined with galvanostatic charging.
During the constant current charging, there will be certain charge build-up at electrode surfaces
causing polarization and deteriorate the cell performance. Therefore, a charging program with
initially constant current charging and a follow-up constant voltage charging toward the end of

charging cycle can help give optimal capacity.

2.5.3 Cyeclic Voltammetry

A sweeping potential with a constant scan rate is given to the cell and the responsive current is
logged, which is repeatedly charging and discharging the cell to measure the anodic and cathodic
current values and can provide information of redox reaction occurring during the cycling. The
peak positions indicate the electrochemical potential where the redox reactions are occurring,
and the difference between the cathodic and anodic peak can be used to analyze the reversibility
of the electrochemical reaction. Further, the lithium ion diffusion rate can be evaluated by

varying the sweep rate and compare the peak currents.

2.5.4 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS), known as AC impedance spectroscopy, is a
useful tool to model the battery and identify interfacial reactions in the battery. During a
measurement, the current response is logged when an AC voltage signal is applied to the battery
at different time constant. The Nyquist plot can be obtained by plotting the real portion versus

the imaginary portion of the impedance.
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2.5.5 Capacity

Capacity is a parameter to quantify the capability a battery can host charges or lithium ions for
lithium ion batteries. The lithium is removed from the cathode during charging and inserted back
into the cathode during the discharging. Generally, the capacity is normalized either with respect
to weight (mAh/g) or volume (mAh/cm?) of the cell. Ideally, a battery with both high specific
capacity as well as high volumetric capacity is preferred as it makes the battery light in weight
and small. For thin film batteries specifically, mAh/ cm’um’ is usually the reported unit for

capacity due to the common micron-scale thickness.

2.5.6 Power

Power is a parameter that is used to evaluate how fast the battery can be charged or discharged
without significant decrease of performance, which is limited intrinsically by the structural and
kinetic limitations of internal components of a battery. In other words, the power will drop if the
current draw from the battery exceeds the intrinsic rate limitation of the cell. To evaluate the
power, rate capability tests can be carried out at different current density (or C-rate) and less the

capacity decreases the better the power delivery ability of the battery.

2.5.7 Cycle life

Cycle life is a measurement of life cycles for a battery, which is a value of a number of cycles
before the battery performance has been degraded to an unusable status under standardized
cycling conditions. For a commercial battery, the cycle life is generally required to be over 2000

cycles.



75

2.5.8 Open circuit voltage (OCV)

Open circuit voltage is a measurement when there is no charge flow in the battery is occurring
and the system is in equilibrium, which is directly related to Gibbs free energy. This parameter
could be simple yet quick evaluation of the state electrodes, such as potential internal short,

formation of solid electrolyte interphase, degradation of electrodes over cycling, etc.
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3. LINIosMNo3CQO0.202/Au NANOCOMPOSITE THIN FILM CATHODE
WITH ENHANCED ELECTROCHEMICAL PROPERTIES

3.1 Overview

Li(NixMnyCo1-x-y)O2 (NMC) is considered as one of the most promising cathode materials
for Li-ion batteries. Highly textured LiNio.sMno.3C00.202 (NMC532) thin films with well
dispersed Au nanoparticles (~5 nm in average diameter) were deposited by pulsed laser
deposition. Microstructure studies reveal the epitaxial nature of the Au nanoparticles and NMC
matrix, and their lattice matching relationships. The Au nanoparticles are uniformly distributed
and form faceted interfaces with NMC matrix. NMC with 2 at.% Au shows the highest
volumetric capacity, best initial columbic efficiency, highest cycling performance, best rate
capability and highest capacity retention among all the samples, due to alteration of chemical
environment of transition metal while keeping high crystallinity. Moreover, the electrochemical
impedance spectroscopy shows that the incorporation of the Au nanoparticles also reduces
charge transfer resistance compared to the pure NMC. The results suggest that appropriate Au
nanoparticle incorporation enhances the volumetric capacity and promotes the charge transfer
process, and thus could lead to enhanced battery performance.
3.2 Introduction

Li(NixMnyCo1x-y)O2 (NMC) is a promising cathode material and has received extensive
attention in recent years because of its higher cutoff voltage, better structural stability and lower
cost compared to the traditional LiCoO2.[36] NMC was first reported as a possible alternative to
LiCoO:z for cathode material in lithium ion batteries, by Ohzuku and Makimura.[170] Since then,
much of the work has been done to explore their microstructural properties[171]-[173] and

enhance their electrochemical performance[174]-[176]. One of the drawbacks of NMC cathodes
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is that they experience the issue of low conductivity. One solution is to add excessive carbon
black.[36] However, such approach will also significantly decrease the volumetric capacity
because of the electrochemically inactive carbon black at higher potential.[36] Other efforts have
been devoted to grain size reduction of the NMC cathodes to nanoscale[177] as well as thin carbon
coating on the cathodes[178]. Further work is very much needed for NMC cathodes to address
other issues such as low volumetric density, large interparticle resistance, and side reactions.[179],
[180]

On the other hand, all-solid-state thin film batteries have attracted tremendous research interests
in recent years, because of safety as well as numerous potential applications, such as implantable
medical devices, remote sensors, power source for microelectronics, and CMOS-SRAM memory
devices.[181]-[186] From the fundamental study point of view, thin film battery materials provide
clean material systems for studying the intrinsic properties of materials and exploring novel
nanostructures and material designs for enhanced electrochemical performances. For example,
Dahn et al.[187] reported the first thin film LiCoO: cathode and later Bates et al[188]
demonstrated that preferred orientation strongly affected its electrochemical performance. Su et
al.[175] applied a thin Al2O3 layer to improve the cycling performance by delaying interfacial
reaction between NMC and electrolyte.

However, due to the absence of conductive additives, NMC cathodes in thin film form exhibit
even lower conductivity than its bulk counterparts and thus result in larger charge transfer
resistance in the cells.[189] Very limited work has been reported to overcome this issue for NMC
thin film cathodes. For example, increased interfacial resistance has been observed in high
temperature deposited NMC film, and the charge transfer contribution to the impedance was not

fully understood.[190] Most reports on solving low conductivity issue focus on the LiFePO4
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systems by applying either Ag or C doping.[191]-[193] The work on thin film NMC composite

approach is scarce.
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Figure 3.1 Scheme proposing that Au added into the matrix of NMC exists in the form of
particles.

In this study, a new NMC/Au nanocomposite structure as thin film cathode has been
demonstrated for the first time. The NMC-Au nanocomposites allow incorporating well dispersed
Au nanoparticles in NMC matrix with the goal to facilitate the electrical and ionic charge transport
process in NMC films. A pulsed laser deposition (PLD) technique was used for the film growth
by using a composite target of NMC-Au. The proposed 3-D film morphology of the NMC-Au
nanocomposite film is shown in Figure 3.1. With knowledge on prior metal/oxides systems,[194],
[195] Au is selected for the demonstration because of its high stability upon oxidizing
environment,[ 196] low alloy potential with lithium,[197] similar cubic close-packed structure[36]
and good lattice matching between Au and NMC (e.g., aau (111) (2.35 A) matches well with anmc
©0006) (2.37 A)). It is also possible to tune the Au composition by changing the Au composition as
illustrated in Figure 1. Further electrochemical studies including Cyclic Voltammetry
measurement, charge-discharge cycling test, rate performance test and AC impedance are

conducted to correlate with the microstructural characteristics of the NMC-Au nanocomposite
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cathode.
3.3 Experimental

A NMC target was prepared by mixing NMC532 (MTI) powder with 15% Li2COs3 (Alfa
Aesar) to compensate the possible Li loss during the sintering process. The target was pressed
into a pellet and sintered at 900 °C with sufficient Oz flow for 24 hrs. The films were deposited
using a PLD system with a 248 nm KrF laser source at the laser frequency of 5 Hz and the laser
energy of 1 J cm™. The depositions were under 750 °C with 10 mTorr oxygen partial pressure.
The cooling rate was set at approximately 10 °C/min after deposition. The Au/NMC composite is
achieved by a NMC-Au composite target. The target to substrate distance was set to be 4 cm for
all depositions. Both polished stainless steel substrates with sputtered Au buffer layer and c-cut
Al20s substrates were used in this study. X-ray diffraction (XRD, PANalytical Empyrean
Diffractometer) system with a Cu Kol (A= 1.5406 A) source was used to characterize the
crystalline characteristics of the samples. Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) (under high angle annular dark field, HAADF) were
taken on a FEI TALOS 200X system with a point-to-point resolution of 1.2 A and 1.6 A for
TEM and STEM modes, respectively. The CR2032 coin cell was assembled in an Ar flowed
glovebox (Innovative technology, 02<0.1ppm, H20<0.1ppm) with Li metal anode (Alfa Aesar)
and Celgard 2400 separator. Potentiostatic impedance measurement was conducted on a Gamry
Series G300 setup using the frequency range from 20 pHz to 20000 Hz at 3.7 V. Electrochemical
measurements were conducted using an Arbin BTS2000 testing system. Charge-discharge
cycling test was measured between the voltage range of 3.0 V -4.2 V for 50 cycles. Rate
performance was tested at the current density of 7.8 pA/cm?, 15.6 nA/cm?, 39.0 pA/cm?, 78.0

pA/cm?, 117.2 nA/em?, respectively. There was a 5-minute relaxation time between each
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different current density. The Cyclic Voltammetry was measured at a voltage ramp rate of 20
uV/s, 50 uV/s, 75 uV/s, 100 uV/s and 200 pV/s.
3.4 Results and Discussion

Standard 6-20 XRD plots of the NMC films grown on both c-cut sapphire substrates and Au-
buffered stainless steel (Au-SS) substrates with different compositions (2 at. % and 6 at. %) of
Au are shown in Figure 3.2 (a), (b), respectively. Here, the Au-concentration was controlled by
varying the Au composition in the composite target. The primary peaks of NMC (0003), (0006)
and (0009) for all the samples with or without Au deposited on sapphire substrates suggest
excellent out-of-plane texture of NMC along (000/). For Au-NMC sample on sapphire substrate,
there is a primary peak of metallic Au and a minor peak of LixAu alloy in Figure 3.2(a).[197]
This suggests that Au content presents as mostly Au secondary phases and some LixAu alloys,
instead of lattice substitutions in the NMC matrix. Furthermore, all NMC (000/) peaks of NMC-
Au show a shift to higher 2-theta angles in Figure 3.2(a), i.e., a smaller c-lattice parameter
comparing to that of the pure NMC, indicating a compressive strain in the c-axis possibly
introduced by the Au secondary phases. The full width half maximum (FWHM) of the Au-NMC
films is slightly larger than that of the pure NMC, which is probably due to the decrease of grain
size from the introduced Au secondary phases. The NMC films on Au-buffered SS substrate
overall show similar results in Figure 3.2(b) as those on sapphire substrates, i.e., (1) highly (000/)
textured films in out-of-plane direction; (2) all NMC peaks in Au-NMC samples shift to larger
angles compared to pure NMC; (3) the FWHM of NMC peaks broadens. All the films on Au-SS
substrates show slightly lower texture and film crystallinity compared to the ones on sapphire

substrates, which is reasonable considering the polycrystalline nature of the Au-SS substrates. In
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addition, there is very minor NMC (1017) peak in Au-NMC films. Interestingly, there is no
obvious LixAu peak observed for the Au-NMC on Au-SS samples.

The XRD pole figure analysis was conducted on all the Au-SS samples to explore the overall
3D texture of the NMC films with or without the Au secondary phases. Here NMC (0003) pole
in Figure 3.2(al) -3.2(a3) were obtained and analyzed using MTEX toolkit for pure NMC, 2
at. % Au-NMC, and 6 at. % Au-NMC, respectively. The main observations are: (1) 2 at% Au-
NMC and pure NMC show very similar overall texture, i.e., highly textured around (0003) pole.
Comparably, 6 at. % Au-NMC has very low texture compared to the other two films, which is
probably due to the incorporation of the Au secondary phases in the film. It is noted that there
are some background textures in all the pole figures due to the curvature of the SS substrate
surface. Overall, the pole figure texture study gives a much better view on film crystallinity and
texture for the samples on the curved Au-SS substrates and is consistent with the out of plane

XRD measurement in Figure 3.2(a).
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Figure 3.2 X-ray diffraction of as-deposit film on (a) Au buffered Stainless Steel substrate with

pole figure of NMC (0003) pole of (al) Pure NMC, (a2) 2 at% Au added NMC and (a3) 6 at%

Au added NMC; (b) c-cut Al2Os3 substrate with different gold particle percentage introduced to
the NMC matrix.
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To probe the morphology and distribution of the Au secondary phases in NMC films, plan-view
and cross-section TEM/STEM analysis were conducted on all the Au-NMC films on sapphire
substrates. Figure 3.3(a) and (b) show the low magnification TEM images taken from plan-view
and cross-section TEM samples, respectively, for the 2 at. % Au-NMC film. In the meantime,
SEM image of film morphology is shown as insert in Figure 3.3(al) at the magnification of 50K.
It shows the surface morphology of platelet shape, which is typical for NMC.[198] No Au
nanoparticles can be obviously seen in the SEM image because of the small Au nanoparticles (~5
nm).

High density Au nanoparticles are well dispersed in the NMC matrix, which is also confirmed
by EDX image shown in Figure 3.3(b1). The average diameter of the Au nanoparticles is around
5 nm and uniformly distributed throughout the entire film thickness, enhancing the electronic
conductivity in the NMC film. In addition, Au particles tend to accumulate around grain
boundaries as it is evidenced in Figure 3.3(a), which is possibly due to the high energy at the
boundaries leading to preferential nucleation of gold crystals. Because of 3D nature of the cross-
section TEM sample foils, the Au particle density in TEM images is estimated through the foil
thickness and thus is overly estimated. The following density calculation is based on the low
density values made at multiple regions using multiple plan-view and cross-section TEM images.
The overall areal density of the Au nanoparticles is 5.4x10''/cm? and volume density is
1.1x10'8/cm?. To convert the Au density into atomic percent, the number of atoms of Au and NMC
are estimated using atomic density in unit cell, which renders 0.92 at.% of Au doping in the overall
nanocomposite film, lower than the expected concentration.

Based on the corresponding selected area electron diffraction (SAED) patterns in Figure 3.3(c)

and (d), it is clear that NMC films grow highly epitaxial on sapphire substrates evidenced by the
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distinguished diffraction dots for Al2O3 (connected by yellow lines), NMC (red lines) and Au
(pink lines). The epitaxy matching relations are: (0006) Al.O3// (0003) NMC// (111) Au and
(1120) AL203// (1014) NMC// (220) Au. The d-spacing of NMC (0003) is estimated to be 4.747
A, which is consistent with the above XRD results. The corresponding lattice parameters for
NMC in the 2 at. % Au sample can be calculated as a = b =2.863 A, and ¢ = 14.241 A.
Comparing to bulk NMC lattice parameters,[199] it shows a compressive strain of 0.19 % in c-
axis, and 0.36 % in a- and b-axis. Interestingly, in Figure 3.3(d), there are two sets of NMC
diffractions as indicated by the set of green lines and the set of red lines. Both sets of the NMC
diffractions are symmetric, which indicates the twinning structures of the NMC domains. The
observation of the NMC twin structure is consistent with previous report on pure NMC
films.[200] Moreover, the diffraction dots for Au (111) and NMC (0006) are overlapped, due to
the similar d-spacing between the two. In addition, there are some minor diffraction dots with
large d-spacing possibly from the LixAu compound, which is further discussed in the following

section.
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Figure 3.3 TEM images of 2 at. % Au NMC thin film on c-cut sapphire substrate: (a) low
magnification plan-view and (al) plan view SEM image of the film morphology; (b) low
magnification cross-section showing the 3D nature of the Au nanoparticles being uniformly
embedded into the NMC matrix and (b1) corresponding EDX mapping confirming the Au
particles distribution; SAED pattern of NMC film from (c) Al203 [1120] and (d) Al203 [1010]
zone axis.

Figure 3.4 shows a set of high resolution STEM images taken under HAADF condition (also
called Z-contract imaging where the image contrast is approximately proportional to ~Z?) and
their corresponding Fast Fourier Transformed (FFT) patterns. First, most of the Au particles are
faceted and the ones with round edges could be resulted from multiple facets that are out of
focus. Interestingly, some Au substitution regions were observed in the plan-view HAADF

image shown in Figure 3.4(c), and Au atoms replaced some transition metal atoms in an

alternating manner. The FFT of the NMC matrix, Au particle, and the substitution region has



85

been processed and shown in Figure 3.4(cl) —(c6), respectively. It is noted that Au occupies
every other lattice in the NMC matrix, causing the new phase region with doubled d-spacing. In
addition, these substitution regions seem to exist near the NMC domain boundary as shown.
Figure 3.4(a) and 3.4(b) present the matching relationship from Al>O3 [1010] and [1120] zone

axis, respectively.

NMC matrix

.
Au'Particles

NMC matrix

2 nm

Figure 3.4 HAADF image of 2 at. % Au NMC film from (a) cross section of AL2O3 [1010] and
(b) [1120] zone axis and (c) plan-view showing some Au substituted matrix region.
Au-NMC films as cathode were assembled in coin cell batteries and tested to explore the effects
of Au on the overall electrochemical performance of the cathodes. The CV tests under different
rates for the samples with different Au concentration are shown in Figure 3.5(a)(al)(a2)(a3). It can
be observed that the anodic peaks of Ni**/Ni*" for both Au-NMC samples are shifted to higher

potential values as well as the shift of Ni**/Ni** to lower potential values. However, extra peaks
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are observed in between the redox pair of Ni. This may be because that the introduced Au/NMC
interface changed the charge state of nearby ions by either substituting transition metal sites or
fitting in the lithium layers, as evidenced by the microstructural study. Besides, pure NMC exhibits
higher current for Ni>*/Ni*" oxidation peak but a smaller Ni**/Ni** peak than 2 at% Au-NMC,
which suggests higher electrochemical activity of Ni**/Ni*" and lower reversibility of Ni redox
reaction. This phenomenon can be possibly attributed to the alteration of chemical environment of
Ni ions caused by Au addition, confirmed by the extra peaks in Figure 3.5(a2). However, 6 at%
Au-NMC barely shows any electrochemical reaction, and it can be due to the structural disruption
shown in the pole figure (Figure 3.2(a3)).

Charge-discharge tests were carried out for 50 cycles. The charge-discharge curves in Figure
3.5(b)(b1)(b2)(b3) show that the 2 at. % of Au-NMC sample obtains the highest volumetric
capacity compared to both the pure NMC and 6 at. % Au-NMC composite, while the 6 at. % Au
shows the lowest capacity. The reason for this phenomenon can be attributed to the formation of
LixAu compound due to the addition of Au. In the 2 at. % Au sample, LixAu formed during
deposition due to the excessive lithium in the target, which could contribute to the extra initial
capacity compared to pure NMC. Higher capacity in later charge-discharge cycles is also a proof
of the benefit introduced by Au nanoparticles in the system. The lower capacity of 6 at. % Au-
NMC among all the samples, on the other hand, might be caused by the structural collapse
triggered by the excess Au particles.

First cycle of cyclic voltammetry measurement for three different samples shown in Figure
3.5(c) reveals more information, where Mn>"/Mn*" oxidation is observed in pure NMC. This
confirms two points: 1) addition of Au does change the chemical environment of transition metal

ions; 2) the fast capacity fade in Figure 3.5(b1) possibly arises from the dissolution of Mn
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ions.[201] The rate performance of pure NMC and 2 at. % Au-NMC shows better rate capability
and capacity retention of 2 at. % Au-NMC, as indicated in Figure 3.5(d), and 6 at. % Au-NMC is
not of interest in this measurement due to low capacity. Further, the first several cycles show
significant decay of capacity which is caused by the inhomogeneity due to naturally slow
kinetics of (0003) oriented NMC.[202] Interestingly, the columbic efficiency (Cdischarge/ Ceharge) 1S
larger than 100% for high current density, which could possibly be related to the diffusion
limitation discussed above, which is also proved by the abnormal columbic efficiency variation

at each transition of current density.
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Figure 3.5 Electrochemical test of (a)(al)(a2)(a3) cyclic voltammetry of different rate (20 uV/s,
50 uV/s, 75 uV/s, 100 uV/s and 200 uV/s) for different Au concentration indicating addition of
Au increase reversibility of the reaction by introducing extra peaks but excessive Au prevent
redox reaction from occurring; (b)(b1)(b2)(b3) Cycling performance at 7.8 pA/cm? for different
Au concentration showing moderate amount of Au has the best cyclability; (c) Initial CV cycle
of three samples with different Au concentration indicating that Au can alter the valence state of
transition metal ions; (d) Rate measurement at current density of 7.8 pA/cm?, 15.6 pA/cm?, 39.0
nA/cm?, 78.0 nA/em?, 117.2 pA/ecm? respectively showing better retention for 2 at% Au-NMC;
(e) Nyquist plot of 2 at% Au-NMC and pure NMC at 3.7 V showing that addition of Au
decreases the charge transfer resistance Ret.
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The smaller semicircle in the Nyquist plot for 2 at. % Au-NMC compared to pure NMC in
Figure 3.5(e) suggests that the Au additions facilitate the overall charge transfer process, in
which the Au nanoparticles exist as local current collectors and shorten the diffusion path of the
electrons before interacting with Li atoms. It is also proved by the equivalent circuit indicated in
Figure 3.5(e) as finite length Warburg element was used for fitting Au-NMC curve and infinite
length Warburg was used for pure NMC. However, the Au-NMC also shows larger interfacial
resistance, which is possibly introduced by the interfaces of Au/NMC.[190] Besides, it is worth
noting that both fitting show much worse quality in the low frequency portion, which is possible
due to the limited measurement capability in low frequency end (20 pHz) that introduces
perturbation and inaccuracy. It is expected that, optimization on the Au nanoparticle density and
distribution could further enhance the overall charge transfer process and electrochemical
performance of the thin film batteries.

3.5 Conclusions

NMC/Au epitaxial composite thin films with different Au compositions were prepared using
PLD and compared with pure NMC film. The epitaxy matching relationship between Au
secondary phases and NMC matrix was explored. Excellent crystallinity and high quality epitaxy
growth of the Au-NMC films were demonstrated by both XRD and TEM studies. Based on the
electrochemical property measurements, the 2 at. % Au/NMC sample presents the best
volumetric capacity and reversibility compared to pure NMC and 6 at. % Au/NMC. The
enhancement is attributed to the enhanced electro-conductivity facilitated by the Au
nanoparticles in the NMC matrix. Higher Au compositions could lead to lattice deterioration and
lower the overall electrochemical performance. This study demonstrates a new approach

incorporating metal/oxide nanocomposite structures as cathode for thin film lithium ion batteries.
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4. LI:2MNO; THIN FILMS WITH TILTED DOMAIN STRUCTURE AS
CATHODE FOR LI-ION BATTERIES

4.1 Overview

Li2MnOs thin film cathodes with tilted domain morphology have been synthesized by a simple
one-step oblique-angle deposition (OAD) method using pulsed laser deposition (PLD). The
cathode thin films with tilted domains show significantly improved kinetics than the
conventional planar form of Li2MnO3 thin film, which is attributed to the facilitated Li-ion
intercalation paths in the tilted domains. The OAD grown Li2MnO3 decreases the cathode-
electrolyte interphase thickness as evidenced by TEM and XPS data. The cathode with the tilted
domains in the coin cell battery can be continuously cycled for 100 times while the conventional
planar Li2MnOs3 failed after 9 cycles. In the electrochemical window of 2.0V-4.8V, the tilted

LixMnOs demonstrates first cycle capacity of 99.5 uAh-cm™-pum™! with about 80% capacity

retention after 100 cycles. This demonstration on morphology tuning in thin film cathode
suggests enormous potential in thin film cathode designs towards future high efficiency thin film

Li-ion batteries.

4.2 Introduction

Li2MnO:3 is considered as one of the most promising cathode material candidates for Li-ion
batteries because of the cheap and abundant Manganese (Mn) element and the very high
theoretical capacity of 459 mAh g'.[203] However, Li2MnO3 was usually considered as
electrochemically inactive and was used in Li-rich cathode materials for structure stability,[70]

because of the unlikely oxidation of Mn*" to Mn’" in octahedral sites.[204] Interestingly, it has
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been proven achievable as an active cathode material by several experimental reports. The
generally accepted reaction mechanisms can be summarized in the reaction Equations (1)-(3),
which indicates that it will experience gradual “layer-to-spinel” phase transformation upon

cycling.[205]

>4.5V
one Lireversibly intercalation
Mn,0 LiMnO, )

Mn3* migration to Li* layer

LiMno, Li,Mn,0, (3)

Li2MnOs cathode systems with different particle morphologies were reported as a primary
approach for enhancing its electrochemical activity. For example, Amalraj et al. studied size
dependence of Li2MnOs particles and showed the improved electrochemical performance of
nano-sized particles than micro-sized particles due to lowered impedance and shortened lithium
diffusion length.[203] Vendra et al. synthesized Li2MnQO3 nanowires with average diameter of 50
nm and showed improved columbic efficiency.[78] However, these reports all suggest significant
kinetic problems due to its insulating nature, such as low cycle rates, slow activation, and
increased capacity upon cycling.

Furthermore, very limited work has been performed on thin film battery of Li2MnO3 despite
the importance of thin film battery in many application fields.[72], [206], [207] Zheng et al.
reported the growth of planar dense Li2MnOs3 thin film using pulsed laser deposition method,
however the electrochemical performance was poor due to the limited film conductivity.[208]
Taminato et al. studied thickness contribution to electrochemical performance. But the high
capacity performance was only achieved in very thin films as thin as 12 nm, which limit the total
energy capacity of the cell.[77], [209], [210]

Overall it is challenging to meet energy density requirement (~ 2 J mm=) from limited areal
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footprint using the conventional planar thin film batteries.[211] Three-dimensional (3D) battery
designs can be a potential solution as they provide higher energy density as well as higher power
density with the increased surface area and decreased ion diffusion and electron harvesting
pathways.[212]-[214] Examples include integration of porous Fe;Os nanoflakes on cone-shaped
Cu substrate by two-step chemical and electrochemical deposition,[215] micro-sized
MnO./C/TiN/Si pillar arrays through Deep Reactive Ion Etching[216] and others!'®23]. However,

no such 3D battery work has been done on Li2MnOs cathode in thin film form.

L
- A
/

// Accessible channels for lithium migration
Fd e Uo ve G
Peojvee

O LU

Figure 4.1 Schematic drawing showing the different substrate growth configuration of
conventional pulsed laser deposition and pulsed laser oblique angle deposition.

In this report, the Li2MnOs3 thin film cathode with a unique columnar grain morphology has
been obtained by oblique-angle deposition (OAD) using pulsed laser deposition (PLD) and the
schematic configuration of OAD is shown in Figure 4.1. This technique was widely applied to
achieved porous thin film structures because of introduced shadowing effect.[222] The reasons
for achieving this tilted grain geometry is to improve the kinetics of the cell in two aspects: 1) the

introduced porosity will enhance the wetting of electrolyte in cathode and increase total ionic
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conductivity; 2) the reduced dimension along in-plane direction can shorten ion diffusion
pathways, which are supposed to suppress the cathode/electrolyte interface formation and thus
the battery performance can be improved. The conventional Li2MnO3 cathode with planar
geometry was also synthesized and compared with the tilted grain morphology to demonstrate

the superior electrochemical performance from the three-dimensional geometry.

4.3 Experimental

Li2MnOs (Pfaltz & Bauer) powder was mixed with 15% Li2CO3 (Alfa Aesar), milled in a high
energy ball mill for 1 hr, decomposed in flowing Ar at 350 °C, pressed into a pellet, and
sintered at 900 °C under Oz atmosphere for 24hrs. The additional Li2CO3 was used as the easy
vaporization of Li at elevated temperature. Pulsed laser deposition system (Lambda Physik
Compex Pro 205, 248 nm KrF) were used to grow the designed thin film using oblique angle
configuration schemed in Figure 4.1. The growth parameters are following: laser frequency 10
Hz, energy density 2.5 J cm™, Oz atmosphere pressure 50 mTorr, deposition temperature 750 °C,
cooling rate 10 °C/min under 15 Torr Oz, plume to substrate angle 60°, target to substrate
distance 5 cm. Both sputtered Au buffer layer coated polished stainless steel substrates (Au-SS)
and c-cut Al2O3 substrates were used in this study. The tilted grown samples and non-tilt samples
are represented as tilted LMO and non-tilted LMO in the rest of the text for easy representation.
X-ray diffraction (XRD) was performed using PANalytical Empyrean Diffractometer system
with a Cu Kal (A= 1.5406 A) source. FEI TALOS 200X system is used to take Transmission
electron microscopy (TEM) and scanning transmission electron microscopy (STEM) (under high
angle annular dark field, HAADF) images. Ar filled glovebox (MBraun, O2<0.1ppm,
H20<0.1ppm) was used to assemble CR2032 coin cell. Li metal anode (Alfa Aesar), Celgard

2400 separator, and 1M LiPFs in EC:DEC organic electrolyte were used for the cell. The film
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thickness is about 150 nm-160 nm, substrate area is 0.64 cm?, the density can be estimated to be
single crystalline Li2MnO3 3.71 g/cm? due to the high crystallinity nature of the films, and these
lead to loading mass about 3.56e mg to 3.80e mg. XPS measurement was conducted on cycled
cathode using Kratos AXIS Ultra DLD Imaging X-ray Photoelectron Spectrometer (XPS). Arbin
BTS2000 testing system was used for all the electrochemical tests. Charge-discharge cycling test
was measured first under constant current of 5 uA/cm? between the voltage range of 2.0 V - 4.8
V and then kept under constant voltage until the current decreased to 1 pA. A step-wise rate
performance was tested at between 5 pA/cm?- 80 uA/cm?, the current density is doubled at each
step. The Cyclic Voltammetry (CV) was measured at potential sweep rate from 10 uV/s to 200
uV/s, more details can be found in the discussion. Gamry Series G300 potentiostat was applied
to measure the electrochemical impedance spectroscopy. Frequency range was set 300 pHz to

30000 Hz. The cell was charged to and kept at 4 V for 2hrs before performed the measurement.
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Figure 4.2 Out of plane X-ray profile of (a) oblique grow Li2MnOs3 and (al) (202) pole figure of
Li2MnO3 on Al20s3 substrate; (b) non-tilt Li2MnOs and (b1) (202) pole figure of Li2MnO3 on
AL203 substrate, where comparison shows nearly identical crystallographic orientation of the

different configuration. Out of plane X-ray profile of (c) oblique grow Li2MnOs3 and (c1) SEM
morphology scan of Li2MnO3 on Au-SS substrate; (d) non-tilt Li2MnOs and (d1) SEM
morphology scan of Li2MnO3 on Au-SS substrate, where it still exhibits same crystallographic
orientation but largely different surface morphology.

4.4 Results and discussion

Out of plane theta-2theta XRD patterns on a-Al203 and Au buffered stainless steel (SS) for
both tilted LMO and non-tilted LMO films are shown in Figure 4.2 (a)-(d). Interestingly, the
growth configuration only affects the film morphology but barely alter the crystallographic

relationship between film and substrate. For the films grown on a-Al203 (0001), the d-spacing
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for LizMnOs3 (001) are calculated to be 4.7168 A and 4.7290 A for the tilted LMO and non-tilt
LMO, respectively. XRD pole figure data of LizMnOs3 (202) analyzed by MTEX toolkit are
presented in Figure 4.2(al) and 4.2(b1), which indicates the crystallographic orientation were not
affected by the introduced growth configuration. The out of plane 6-260 XRD with Li2MnO3 on
Au-SS substrates are plotted in Figure 4.2(c)-(d), which also exhibits very similar pattern for
tilted LMO and non-tilted LMO samples, and d-spacing for Liz2MnO3 (001) are calculated to be
4.7319 A for tilted LMO and 4.7345 A for non-tilted LMO, which are both larger than the films
grown on A203 (0001) substrates and smaller than the bulk value of 4.7416 A.[223] Both tilted
and non-tilted film don’t show the characteristic superlattice peak because they exhibit preferred
Li2MnO3 (001) orientation in the out-of-plane direction.!” The SEM micrographs of
corresponding samples showing in Figure 4.2(c1) and 4.2(d1) indicate the obvious difference in
surface morphology due to the different growth configurations, where the tilted configuration
introduced columnar grains and non-tilt configuration led to expected platelet morphology for

layered cathode materials similar to prior report.[198]

(@) EEMRO; o tilt

a80mm;

Figure 4.3 Low magnification STEM images of (a) plan view perspective of and (b) cross
sectional perspective of oblique grow Li2MnO3, the inset shows the corresponding SAED from
Al203 [1010] zone axis. (c) high resolution TEM of pillar interface squared out in (b) and the

cleavage plane is measured to be Li2MnOs3 (131). (d) cross sectional perspective of non-tilt
LizMnO3 and the selected area diffraction pattern of non-tilt LizMnO3 from Al2O3 [1010] zone

axis is shown in the inset.
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To further study the morphology and crystallographic relationship of the tilted LMO, plan-
view and cross-section TEM/STEM analysis were performed and presented in Figure 4.3. Figure
4.3(a) and 4.3(b) are the low magnification plan-view and cross-sectional STEM images of the
sample, as indicated in the schematic drawing, which show that the film was grown as tilted and
well aligned pillars. The pillar size can be estimated to be ~40 nm in width with an average 5 nm
interspacing between pillars. In short, the formation of the gaps is resulted from the shadowing
effect during the OAD and limited adatom surface diffusion.[224] It has been reported that the
dimension of columns and intercolumnar spacing could be adjusted depending on the growth
temperature, growth rate, substrate-to-source distance and tilting angle.[225] The growth
parameters are optimized based on previous experience for better electrochemical
performance.[162], [164], [226] The pillar tilting angle B is measured to be around 30°, which
matches with the zenithal evaporation angle but doesn’t follow the classical expression.[225]
The detailed crystallographic match relationships between the Li2MnO3 and Al20O3 are shown in
the inset of Figure 4.3(b), the selected area electron diffraction (SAED) pattern from Al2O3
[1010] zone axis indicates the clear matching of Li2MnO3(002)//Al203(0006) in the out of plane
direction. The broadened in-plane diffraction dots of the tilted LMO film exhibit the reduced
column diameters as well as the increased defects density, which is consistent with the TEM
images observed. Moreover, the blurred streaks along the (001) planes represents the high
density stacking faults in the tilted LMO which is consistent with a prior report.[227] These high
density stacking faults can provide reaction points for Li intercalation.[79] The High Resolution
Transmission Electron Microscopy (HRTEM) image from the squared area in Figure 4.3(b) is
presented in Figure 4.3(c), where the oblique plane was confirmed as Li2MnO3 (131) (d-spacing

= 4.644 A), which makes the pillar tilt angle to be B= 35° based on the angle between LixMnOs3
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(002) and (131). For comparison, the TEM image of the non-tilted LMO film on Al2O3 is shown
in Figure 4.3(d), where it doesn’t show any similar columnar morphology. Besides, the
diffraction pattern indicates very similar crystallographic matching relationship as that of the
tilted LMO in Figure 4.3(b) where similar dots representing stacking faults can be observed,

which indicates that only film morphology was affected by different substrate configuration.
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Figure 4.4 Cycling performance test of (a) oblique grow LizMnO3 at 5 pA/cm? for 100 cycles,
the inset is the dQ/dV plot for the first three cycles; (b) non-tilt Li2MnO3 at 5 pA/cm? for 3
cycles, the inset is the dQ/dV plot for the first three cycles. Cyclic voltammetry of (c) oblique
grow LixMnOs3 with potential sweep rate of 20 uV/s at 9™, 59 and 79" cycles showing
homogenization through cycling; (d) non-tilt Li2MnO3 with potential sweep rate of 20 pA/s at 9"
exhibiting cathodic-type behavior on both sweep directions.

Electrochemical measurements were performed on both samples and the titled LMO shows

superior electrochemical performance than that of the non-tilt LMO, and both films demonstrate
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a layered-to-spinel transformation process that matches the mechanism mentioned in the
introduction. First, from the cycling result in Figure 4.4(a) where estimated C-rate is 0.5C, titled
LMO achieves 138.79 pAh-cm™-um™ total discharge capacity and 99.5 pAh-cm?-um™! from
constant current discharge for the first cycle, which is much higher than the reported value.[208]
Furthermore, it still obtains 86.24 pAh-cm™-um™ in total discharge capacity and 79.24 pAh-cm’
2.um! from constant current discharge part for the 100™ cycle, which leads to a 62.1% capacity
retention of total capacity and 79.6% of constant current discharge. As to non-tilt LMO, though it
presents a higher capacity, the constant current charge capacity portion gradually increased from
the 1% to the 3™ cycle, which is possibly due to the slow kinetics caused by rearrangement of Mn
and O atoms.[208] Besides, the non-tilt LMO cell electrochemically failed at 10" cycle, as
shown in Figure 4.4(b), the 10" charge cycle cannot reach 4.8 V even after long cycling time.
Further, the columbic efficiency of the non-tilt LMO is around 20-25% for the first three cycles,
which further proves the limited electrochemical performance of the planar LMO films. It is
noted that, both tilted and non-tiled LMO show the very large charge capacity that exceeds the
theoretical value, which was also reported in other thin film electrode related literatures.'>* This
very large capacity is a commonly observed behavior and could be due to the electrolyte
decomposition at thin film surface states[228] and structural accommodation through defects
movement[210]. Overall the above result indicates an increase of cell kinetics because of the
decreased in-plane lithium diffusion dimension and availability of electrolyte mixing in gaps of
tilted LMO film compared to the non-tilt LMO. The dQ/dV curves of the first three cycles are
plot for tilted LMO and non-tilt LMO in the inset of Figure 4.4(a) and 4.4(b). Both sample shows
a peak around 3.7V, which could be attributed to the diffusion limitation due to the thin film

nature.[164] However, this is only observed in the first cycle for tilted LMO but consistently
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exists in non-tilt LMO even after the first cycle. The high intensity of the peak around 4V in
tilted LMO in the first cycle indicates a full layer-to-spinel transformation due to fast kinetics.
This peak has rather random intensity from the 1% to the 3™ cycle.[70] The peak around 4.2 V
has several possible reasons. It could possibly be electrolyte oxidation based on Figure S3. It
could also be a shoulder peak due to different local composition.[229] The peak at voltage > 4.5
V indicating by red arrow corresponds to the irreversible activation of Li2MnO3 due to oxygen
evolution, which was reported in prior literatures.[34] Different from tilted LMO, non-tilt LMO
shows multiple peaks at voltage > 4.5 V even after the first cycle, marked by red arrows,
meaning the incomplete activation due to inhomogeneity and slow kinetics.

In Figure 4.4(c) and 4.4(d), the cyclic voltammetry (CV) measurements were conducted at the
9th 59" and 79™ cycle for tilted LMO and at 9™ cycle only for non-tilt LMO as it fails at 10"
cycle. The general feature shows a typical spinel-type reaction where the redox pairs around
4.0V and 3.0V are corresponding to lithium reaction at 8a tetrahedral sites and 16¢ octahedral
from spinel phase.[229]-[231] Regarding TLMO film, the small peak around 4.7V still
represents partial loss of lattice oxygen due to lithium extraction, and the peaks around 2.0V are
attributed to the spinel redox reaction of Mn*"/Mn** pair. Shoulder peaks are due to the different
local composition as discussed previously. The increased intensity and sharpening of these peaks
from 9 cycle to 59" cycle is due to the homogenization upon cycling. However, the peak at
4.2V with abnormally high intensity is due to the gradual electrolyte decomposition as evidenced
in Figure S3. Figure S3 shows a CV measurement on a blank Au-SS with no loaded cathode
materials. Peaks with high positive intensity can be observed between 3.4V to 4.2V in both
forward and backward sweep directions. This can be explained by the electrolyte decomposition

at the substrate surface because of the increased potential from surface states effect. To further
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validate this statement, it can be observed in Figure 4.4(d) this phenomenon was overly
exaggerated in the non-tilt LMO film based on the emergence “oxidation” anodic peaks in the
backward sweep direction. Therefore, it can naturally lead to a conclusion that the Cathode
Electrolyte Interphase (CEI) layer for the non-tilt LMO could be much thicker than that of the

tilted LMO.
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Figure 4.5 (a) Cyclic voltammograms of oblique grow Li2MnO3 on different potential sweep rate
of 10 uV/s, 20 uV/s, 50 uV/s, 75 uV/s, 100 uV/s, and 200 uV/s with labeled major redox
reactions “a”, “b”, “c”, and “d”; (b) C-rate performance test at current density of 5 pA/cm?, 10
pA/cm?, 20 pA/ecm?, 40 pA/ecm?, 80 nA/cm? respectively with calculated columbic efficiency
and estimated C-rate value; (c) fitted electrochemical impedance spectrum data of oblique grow
Li2MnO3 with scheme indicating the equivalent circuit for the fitting,.
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More electrochemical performance measurements are presented in Figure 4.5 to evaluate the
kinetical aspect of tilted LMO. The cyclic voltammetry curves measured at potential scan rate
from 10 pV/s to 200 nV/s are shown in Figure 4.5(a). The representation of the redox pair peaks
is already discussed in above mentioned section, and the anodic peak at around 4.2 V can be
attributed to the electrolyte decomposition as discussed. It means the process is not diffusion
controlled, but rather an accumulation-consumption based reaction. This shows the kinetics of
tilted LMO was improved by the tilted pillar geometry as the scan rate value is quite typical for
thin film battery.[164] The rate capability test is represented in Figure 4.5(b) and shows the

capacity of 84.17 pAh-cm?-um™ (226.25 mAh-g'), 73.94 yAh-cm?-um'(198.75 mAh-g!),
71.41 pAh-cm?-um™(191.95.25 mAh-g!), 64.42 pAh-cm?-um'(173.16 mAh-g'!) and 58.01
pAh-cm?-um™(155.93 mAh-g™) at the estimated C-rate of 0.40 C, 0.90 C, 1.88 C, 4.14 C, and

9.30 C, respectively. To show that the tilted LMO has superior rate performance, the results are
compared with reported value. Vendra et al. reported a slightly higher capacity retention at high
C-rate however with lower capacity.[78] Taminto et al. reported higher capacity value at similar
C-rate only when the thickness is very thin (12.6nm).[77] Lim et al. reported both lower capacity

and capacity retention.[232] The capacity returns to 86.65 pAh-cm?-um™ (0.38 C) at the end of

step-wise rate measurement. The slightly increased capacity should be from increased reaction
depth thus slightly more phase transformation,[77] however this phenomenon is not significant
as most film finished layer-to-spinel transformation in the first cycle. It is important for Li ion
battery cathode to have high capacity retention when cycled at high C-rate, and the excellent
capacity retention at high C-rate of the tilted LMO demonstrate potential application for thick
thin film electrode.[ 78] Although the cell kinetics were improved by the tilted grain morphology

as it provides more lithium pathways, it is worth noting that the relatively large decrease in
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columbic efficiency can be observed with increased current density. This can be possibly
attributed to the surface states introduced by the columnar morphology. Therefore, the next step
will be focusing on solving this problem. Several possible solutions could be to introduce
conductive carbon coatings and graphene into the cathode materials.[233], [234] The EIS was
also measured at an OCV of ~4.0 V, and the Nyquist plot is shown in Figure 4.5(c). The data
was fitted with the equivalent circuit illustrated in the figure, and the charge transfer resistance

Rct based on fitted data equals to 2148 Q with solid electrolyte interface resistance Rsgr of 167 Q.

4.5 Conclusion

Unique tilted pillar morphology in Li2MnQO3 thin film cathode was demonstrated by simple
and effective OAD in PLD. Tilted grains with porosity in the tilted Li2MnOs3 thin film cathode
are demonstrated and significantly promote the kinetics of Li intercalation process compared to
that of cathode prepared by conventional PLD method. Specifically, a high capacity of Li2MnO3
and high rate performance has been achieved in this tilted pillar geometry in Li2MnOs3 thin film
cathode, which enabled the practical application of Li2MnO3 thin film cathode in Li-ion
batteries. The tilted pillar geometry can be further tuned for enhancing electrochemical
performance and can be adopted in many other thin film cathodes beyond Li2MnO3.
Furthermore, this tilted pillar morphology with gaps grants the future potential of integrating the
solid state electrolyte with thin film cathodes towards the all-solid-state thin film batteries using

the simple sequential thin film deposition method.
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5. LLMNQOs; CATHODE THIN FILMS WITH TILTED Au
NANOPILLARS AS EFFECTIVE CURRENT COLLECTORS
FOR LI-ION BATTERY APPLICATION

5.1 Overview

Novel Li2MnO3 (LMO)-Au nanocomposite thin film with tilted Au pillars are synthesized by
an oblique angle deposition technique (OAD) in pulsed laser deposition. The pillar tilt angle and
pillar dimension can be tuned by varying the inclination angle of the incoming flux and the
growth rate. The obtained LMO-nanocomposite structure exhibits a volumetric discharge
capacity of 35.78 pAh-cm™?-pum! for the 1 cycle but 62.32 pAh-cm™-pm! at 100™ cycle, which
is attributed to significantly increased reaction depth upon cycling, indicating that Au pillars
function as effective current collectors to facilitate full activation. In addition, the LMO-Au
nanocomposites display highly anisotropic optical complex dielectric function in plane and out-
of-plane, reduced bandgap, and high hardness of 10 GPa, nearly doubling that in pure Li2MnOs.
This study presents a novel approach for processing nanocomposite thin films with tunable tilted
current collectors towards advanced thin film batteries, nanoscale plasmonic systems and other

oxide-metal electrochemical systems.

5.2 Introduction

Significant researches have been focused on lithium ion battery as it is one of the most
promising energy storage method. During cycling process, the electrode experiences repeated
volume changes due to lithiation/delithiation and can finally lead to cracking and mechanical
failure,[235] especially in two phase system like FePO4/LiFeP04.[94], [236] Many efforts were

devoted to solve this problem, which were, however, mainly limited to surface coating and
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elemental doping techniques,[237]-[241] though some recent simulation result shows the grain
boundaries engineering can also be beneficial to stress alleviation.[242]

Different from the current solutions, vertical aligned nanocomposite can be one promising
method and it introduces vertical domains in the matrix body, which are known to accommodate
strain relaxation.[243] Vertical Aligned Nanocomposite (VAN) is one category of the
nanocomposite materials, where nanocomposite is materials that contain multiphase building
blocks with dimensions in nanometer range and exhibit improved physical properties. It has a
wide range of applications in tuning electrical properties, [164], [195], [244], [245] magnetic
properties,[195], [246] and optical properties[247] due to the unique coexisting in-plane and out-
of-plane lattice matching. It is wise to introduce VAN to thin film electrodes due to the low
conductivity from lack of conductive additives and film delamination at film-to-substrate

interfaces causing by volume change.
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Figure 5.1 The schematic drawing of comparison between a) Li2MnO3-Au particle and b)
Li2MnOs-Au pillar composite structures; and illustration of ¢) expected growth mechanism.

Here we propose, for the first time, a novel design of incorporating Au nanopillars into

Li2MnOs thin films through Oblique Angle Deposition (OAD) in pulsed laser deposition (PLD)
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achieved by simply tilt the substrate. PLD offers extraordinary advantages in precise
stoichiometry control of alloys or ceramics that obtain very sophisticated composition with
minimal restrictions on the selection of target and substrate.[248] Besides, OAD is a technique
where the incoming flux of target adatoms form certain angle with the substrate where the flux
source introduces shadowing effect, and thus can achieve many novel porous structure
designs.[222], [225], [249], [250] The schematic drawing of the design is shown in Figure 5.1(b).
Different from the particle in matrix design we’ve explored in previous work (illustrated in
Figure 5.1(a)), the Li2MnOs-Au pillar configuration can provide a more effective, continuous
pathway for electron, and the more effective solid-solid interfaces can possibly avoid the
structure disruption.[164] Interestingly, there is no obvious columnar feature that was usually
reported in OAPLD involved literatures, but the Au still exists as long, tilted pillars. This
indicates a unique growth mechanism (Figure 5.1(c)), which is possibly due to the combined
effect of mixed flux source (Au and Li2MnO3) and shadowing effect. More details will be
discussed in later section. Despite the unexpected structural findings of the Li2MnO3-Au
nanocomposite thin films, the assembled coin cell exhibits excellent capacity retention even at
100™ cycle. Optical measurement was also conducted, confirming the anisotropic optical
response originated from Au pillars. The nanoindentation result suggests almost doubled

hardness after the Au pillar incorporation compared to pure Li2MnOs3.

5.3 Experiments

Composite film growth. LixMnO3 target was prepared by mixing commercial Li2MnO3 powder
from Pfaltz & Bauer with 15% Li2COs3 (Alfa Aesar) due to the easy vaporization of Li during
sintering. The Li2MnOs target was sintered at 900 °C under oxygen flow for 24 hrs. The

Li2MnOs-Au composite target was prepared by attaching a piece of thin Au strip on central line
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of the Li2MnO3 target and the target was concentrically rotating during the deposition. The
composite Liz2MnOs-Au film were deposited on both Al2Os single crystalline substrates for
structurally analysis and Au buffered stainless steel (Au-SS) substrates for electrochemical
measurement. All depositions were conducted using pulsed laser deposition with KrF excimer
laser source (A= 248 nm, Lambda Physik Compex Pro 205) at laser frequency of 10Hz and
energy of 2.5 J cm™. The target surface to substrate surface distance is kept at 5 cm. The
temperature was set at 750 °C and oxygen partial pressure was maintained at 50 mTorr during
deposition. Substrates were tilted at certain angle away from the substrate holder to achieve the
oblique angle deposition configuration. The deposited film was cooled under 15 Torr O at rate
of 10 °C/min.

Structural characterization. X-ray diffraction pattern (XRD) was measured using a Cu Kal
(A= 1.5406 A) source (PANalytical Empyrean Diffractometer) to characterize the out of plane
crystalline characteristics of the samples. The measurement used 0.05° step size and 0.5 s step
dwelling time with 2 theta angle range between 10° to 90°. Scanning electron microscopy (SEM,
NovaNano SEM) was used to probe the surface morphology of composite film on Au-SS
substrates. The acceleration voltage was set at 5 kV and spot size of 2.0 was used to be able to
obtain high magnification images. Transmission electron microscopy (TEM), scanning
transmission electron microscopy (STEM) (under high angle annular dark field, HAADF), and
elemental distribution spectrum (EDS) were taken on sample deposited on Al2O3 using a FEI
TALOS 200X system operated at 200kV.

Coin cell battery assembly and electrochemical characterization. CR2032 coin cell was
assembled in a Ar filled glovebox (MBraun Labmaster, O2<0.1ppm, H20<0.1ppm) using

Lithium metal anode (Alfa Aesar), Celgard 2400 PP separator (Celgard), and 1M LiPFe salt
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dissolved in 1:1 volume ratio EC:DEC mixed organic electrolyte (Sigma Aldrich). The
assembled coin cells were evaluated using a Arbin BTS2000 battery testing system. The cutoff
voltage window was set between 2.0 V-4.8 V. Cycling performance was measured first at
constant current density of 5 pA/cm? and then kept under constant voltage until the current
decreased below 1 pA. The Cyclic Voltammetry (CV) at different cycles were measured at 20
uV/s, and CV at different voltage sweep rate of 10 uV/s, 20 uV/s, 50 pV/s, 75 uV/s, 100 uV/s
and 200 pV/s were also measured to evaluate the kinetics property of the battery. The rate
performance measurement was conducted at current density respectively of 5 uA/cm?, 10
nA/cm?, 20 pA/cm?, and 80 pA/cm?, and the C-rate values of each current density were
estimated using the actual discharge time. Electrochemical impedance spectrum was measured
using Gamry Series G300 Potentiostat between 500 pHz and 200000 Hz at 4V at 100™ cycle.
The cell was aged at 4V constant voltage for 2 hrs to reach stable potential before the
measurement started.

Optical characterization. The optical dielectric permittivity of all the films was evaluated
using spectroscopic ellipsometry (JA Woollam RC2). The ellipsometer parameters y and A,
related by the equation: rp/rs = tan(y)e® (where rp and s are the reflection coefficient for the p-
polarization and s-polarization light, respectively) were fitted using the CompleteEASE software.
The incident angle was varied from 50° to 70° with a step size of 10°. The y and A are measured
at different angles to improve the accuracy of the fitted model. Li2MnOs3 film was modeled using
a Tauc-Lorentz oscillator and a Lorentz oscillator. Li2MnO3-Au film was assumed to anisotropic
since the Au pillar grows as a tilted pillar. Its in-plane permittivity was modeled using a Tauc-

Lorentz oscillator and a Lorentz oscillator while the permittivity along the z direction was built
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using a Tauc-Lorentz oscillator and a Drude-Lorentz model. The fitted models are shown in
Figure 4.5(a)-(c).

Mechanical property measurement. Nanoindentation test was performed on a Hysitron TI
950 2000XYp with a Berkovich indenter. A loading-unloading function was applied to obtain
force-displacement curves, based on which the film hardness at various depths was measured

using instrumented nanoindentation method.[251]

5.4 Results and discussion

Study of morphology and microstructure

g LaMinOs- Au pillars

o Au

Al,Q; (0006) =

Figure 5.2 (a) Cross sectional TEM image of Liz2MnO3-Au composite on both Al2O3 substrate
with (al) HRTEM shows the d spacing of Au (111) and Li2MnOs3 (001); (b) Plan-view TEM
image indicates an aligned trend of the Au pillars inside Li2MnOs3; (¢) SAED pattern confirms the
matching relationship Au and Li2MnO3 matrix from Al203 [1010] zone axis; (d)(d1)(d2) EDX
mapping confirming the elemental distribution in the film.
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Structural characterization of the Liz2MnO3/Au composite thin film was achieved by X-ray
diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and high-angle annular dark-field scanning transmission electron microscopy (HAADF-
STEM). Successful confirmation of the expected pillar structure in Figure 5.1 was performed
through TEM/STEM technique on Li2MnO3-Au on the Al2O3 sample. Figure 5.2(a) shows the
low magnification TEM image of the sample. The Au particles exist as tilted pillars and they are
roughly 50 nm separate from each other, and the average width of the pillars in Figure 5.3(a) is
equal to 6 nm with aspect ratio varies from 40 — 4, measured from the figure. The pillars are all
tilted toward one direction, forming an inclination angle of 19° with the substrate. Figure 5.2(b)
shows the plan view image of the sample, which further demonstrates the uniform distribution of
aligned Au pillars. High resolution TEM image is present in Figure 5.2(al) to study the
formation mechanism of such Au pillars. It can be observed that 1) there are some small Au
particles distributing near the film-substrate interface region and 2) small gaps can be observed
between pillars along longitudinal axes. The abovementioned mechanism can be explained using
Figure 5.1(c). First, the small Au particles near interface are Au nucleates formed at the
beginning stage of the growth but terminated to grow later due to shadowing effect.[252]
Second, the gap in pillar along longitudinal axis is due to the adatom diffusion. In general,
OAPLD would introduce pores due to the limited adatom diffusivity and shadowing effect, thus
forming columnar-like growth feature.[253] Several main types of morphologies formed with
mixed source are multilayered columns,[254] zigzag-shaped multilayer columns,[255] top/sides
coated columns,[256]—[258]tilted columns with porosity,[259] and laterally assembled
columns.[260] However, in this case the Au pillars in the Li2MnO3 matrix act as “adatoms

diffusion bridge” so that the incoming flux arriving at two adjacent Li2MnO3 columns would
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diffuse along the Au surface and hence connect the two columns that would otherwise leave a
pore, in another word, the Au promoted the adatoms diffusion. The d-spacing of Li2MnO3 and
along the out of plane direction is measured to be 4.731 A and 2.285 A, corresponding to
LizMnO3(001) and Au(111). Further, nano-sized domains can be observed in the HRTEM, which
was reported to able to provide structure stability.[210] The epitaxial matching relationships of
the Li2MnOs-Au can be identified as Li2MnO3(002)//Au(111)//A1203(0006) in the out of plane
orientation and Li2MnO3(131)//Au(111)//A1203(1123) for the in-plane orientation based on
corresponding selected area diffraction pattern (SAED) taken from Al203[1010] zone axis
shown in Figure 5.2(c). The film composition is confirmed by element distribution spectrum
(EDS) in Figure 5.2(d). There are some small particles mostly on top of the film and these might
be from the redeposition of metal ions during the TEM sample preparation. Interestingly, there
are also Ag signal detected from the pillar, which could be from the Ag paste used to fix the
substrate during the deposition.

The XRD pattern in Fig Sla indicates the highly textured growth of Li2MnO3 on both Al2O3
and Au-SS substrates. The XRD shows the composite Li2MnO3/Au has Li2MnO3 (001) d-spacing
of 4.728 A on A1>O3 and 4.762 A on Au-SS, which is equal to 0.14% compressive strain and
0.25% tensile strain in c-axis direction compared to reported bulk value.[261] The different
strain state could be from different substrate. The Au peak is indistinguishable in the XRD
pattern for both substrates. Unlike the peak broadening with particle morphology,[164] this
indicates better lattice match between Au and Li2MnQOs. Besides, the Li2MnO3 peaks have
overall lower intensity on Au-SS than that on Al203, which also matches our previous

results.[164]
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Cycling performance of Li2MnO3-Au
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Figure 5.3 (a) Cycling performance of Li2MnO3-Au after 100 cycles; (b) Cyclic voltammograms
of LizMnOs-Au with potential 20 pV/s sweep rate at 9", 59 and 79" cycles; (c) C-rate
performance test at current density of 5 pA/cm?, 10 pA/cm?, 20 pA/cm?, 40 pA/cm?, 80 nA/cm?
respectively with calculated columbic efficiency, and the corresponding estimated C-rate values
are also labeled; (d) EIS measurement of the cell after cycling.

The electrochemical performance of the Li2MnO3-Au on Au-SS substrate has been evaluated
in 2032R coin cell. Figure 5.3(a) shows the cycling performance of the thin film battery, and it
shows a 35.78 pAh-cm™-um" first cycle discharge capacity from constant current discharging
step and total discharge capacity of 41.2 pAh-cm™-um™'. It is worth noting that the cell exhibits
62.32 pAh-cm™?-um! constant current discharge capacity and 71.64 pAh-cm™-pm’! total

capacity at 100" cycle, which is roughly a 74% increase compared to the first cycle. This

phenomenon was reported in literature as gradual phase transformation upon cycling.[78]
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However, the first cycle shows an unexpectedly large total charge capacity of 445.27 pAh-cm
2.um!, which can be translated to 1196.96 mAh-g! and it exceeds the theoretical capacity 459
mAh-g! for LizMnOs. Similar phenomenon was observed in pure Li2MnO3 as reported
previously.[76] However, this phenomenon is much more significant in pure Li2MnOs3 and the
cell failed at 10" cycle. This can be the proof of increased film conductivity as the first overlarge
charge capacity were also reported in other thin film work and were mainly attributed to
electrolyte decomposition.[210], [228]

Two plateaus can be observed in the 1% cycle charge curve but not in the 100" cycle charge
curve. The plateau that appears around 3.75 V might be attributed to the diffusion limit of the
lithium ions, representing the step which lithium ions overcome the energy barrier and be
extracted from the cathode. It shows the slow activation nature for thin film batteries and only
appears in the first charge cycle. Another plateau around 4.2 V can be from the electrolyte
decomposition and the SEI formation because it gradually fades upon cycling. Besides, it is
observed the capacity increase starts from the 60" cycle. The cycle was performed after a cyclic
voltammetry measurement at 59" cycle with sweep rate of 10 pV/s as shown in Figure 5.3(b).
This might be due to the deep reaction from the very slow scan rate, which can be converted to a
very slow C-rate of 0.01 C compared to the 0.5 C of regular cycles. This can explain why the
capacity starts fading after the 60™ cycle but increased again at 80" cycle and continues to fade
until the 100™ cycle. As the deep cycle increased the depth of reaction and thus the amount of
material that undergoes phase transformation. In addition, the extra capacity can be ascribed
from the extended plateau around 3V, which is the lithium intercalation at 16¢ octahedral sites of

the spinel phase, again, proves the abovementioned statement. This behavior should be attributed
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to the long Au tilted pillars that works as efficient current collectors after full activation, which
was not observed in case of pure Li2MnOs3.
Reaction chemistry study by cyclic voltammetry measurement

Cyclic voltammetry measurement was conducted to study the redox reaction in the thin film
electrode. Figure 5.3(b) demonstrates the CV results at the 9, 59™, and 79" cycle. The CV
shows typical redox reactions of spinel type structure, where the redox pair around 3V is the
lithium insertion in empty 16c¢ octahedral sites and the peaks around 4V is that in empty 8a
tetrahedral sites. However, the unexpectedly large oxidation peak and the abnormal oxidation
peak in the negative sweep direction also indicate the existence of electrolyte decomposition.
Similar behavior has been observed in pure Li2MnOs3 as reported before,[76] therefore the feature
could be from the insulating nature of Li2MnQO3, especially in the dense thin film morphology.
However, while the pure LiMnOs fails after the 9 cycle, the Li2MnOs-Au composite can be
cycled for at least 100 cycles and the electrochemical performance increase upon cycling. It
indicates that the Au pillars increase the conductivity of the composite film and the cathode will
need to be gradually activated by cycles. The CV measurement at different sweep rates of 10
uV/s, 20 uV/s, 50 uV/s, 75uV/s, 100 uV/s, 200 uV/s is shown in Figure 5.3(b). There are two
sets of redox reaction pairs appearing in the curves. The redox couples at 4.04V/3.95V and
3.04V/2.88V are the Li intercalation at 8a tetrahedral and 16c¢ octahedral interstitial sites,
respectively, and there are also some shoulder peaks next to the two main redox couples, which
is typical in spinel type Mn-based materials.[229] Further, the oxidation peaks at 4.2 V that are
irrelevant to the sweep rates. These are the sign of electrolyte decomposition due to slow kinetics

abovementioned, and the higher peak intensity at slower sweep rate suggests the slow reaction
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constant. However, the reaction is suppressed compared to pure Li2MnO3, indicating the kinetics
improvement from Au pillars.
Rate performance and impedance study

The rate performance at current density 5 pA cm™ to 80 pA cm2is shown in Figure 5.3(c),
and the C-rate value are estimated and labeled at each corresponding current density. The
LixMnOs-Au possesses excellent rate performance with 61% capacity retention at 80 pA cm™
compared to 5 pA cm™. The discharge capacity at 0.57 C is of 36.45 uAh cm um™! and the
columbic efficiency is about 89.67 %. Besides, the columbic efficiency doesn’t decrease until the
current density is at 40 pnA cm™, where the discharge capacity retains ~73.15% of its value at
0.57 C. However, it is surprising four cycles at the end of stepwise rate performance
measurements show unexpectedly large charge capacity. It can be observed that the voltage first
decreases then recovers during the charge process, which is not the diffusion limitation as
discussed for the 1% cycle but instead the presence of side reaction.[262] This can be the
potential explanation that the electrolyte decomposition peak around 4.2V disappear at the 59
cycle but show up in the 79 cycle, presented in Figure 5.3(b), as well as the reason that the 81
cycle experiences much significant increase regarding only charge capacity. Electrochemical
Impedance Spectroscopy measurements of the cell at 100™ cycle is presented in Figure 5.3(d).
The model used to fit the spectrum contains three R-C circuits that can be possibly ascribed to

cathode electrolyte interphase, charge transfer process in the cell, and the inhomogeneous

Au/Li2MnOs3 interfaces.[263][264]
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Study of anisotropic optical properties
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Figure 5.4 Psi obtained by ellipsometer at 50°, 60° and 70° with fitted data of (a) pure LizMnO3
and (b) Li2MnOs-Au pillars composite film; (c) Permittivity data measured through ellipsometer

indicating the increased absorption of Li2MnO3-Au and introduced anisotropy; (d) Tauc plot
obtained through transmission measurement deciding the bandgap of Li2MnO3 and Li2MnO3-Au
pillar.
Apart from the traditional electrochemical performance, we are also interested in the optical
properties due to the plasmonic Au. Anisotropic optical properties are evaluated to study the
tunable optical permittivity due to the presence of tilted Au pillars in the film. Dielectric

permittivity of the pure Li2MnO3 and Li2MnOs-Au samples are calculated using angular

dependent spectroscopic ellipsometry measurement and the results are presented in Figure
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5.4(a)-(c). The ellipsometer parameter y and A was fitted with the use of general oscillator
models to make it Kramers-Kronig consistent (see Methods section). The permittivity of
Li2MnO3 (Figure 5.4(c)) shows a normal dispersion curve that is characteristic for dielectric
materials. Interestingly, the LizMnO3-Au sample shows anisotropic permittivity in the in-plane
and out-of-direction. The in-plane permittivity (¢';)shows a typical dielectric behavior while the
out-of-plane permittivity (&',) shows the decrease in intensity indicating the existence of Au
pillars in the z direction. The anisotropic behavior of LizMnO3-Au grants the potential of real-
time online monitoring of battery charge-discharge behavior. The Au appears not just as pillars
in the Li2MnO3 matrix but a certain degree of doping in the LiMnOs lattice as well as evidenced
by the decrease of the bandgap for LizMnOs3-Au composite from 2.15 eV to 1.95 eV calculated

using the Tauc plot in Figure 5.4(d).
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Tunability of physical properties by titling angle
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Figure 5.5 (a) Illustration of growth setup at higher tilt angle a1; (b) thin film grown with thicker
film and smaller tilt angle B1; (c) HRSTEM showing Au pillar with small width; (d) illustration
of growth setup at higher tilt angle a2; (e) thin film grown with thinner film and larger tilt angle
B2; (f) HRSTEM showing Au pillar with increased width; (g) Permittivity curve of LizMnOs3 at

higher tilt angle al; (h) permittivity curve of LizMnOs at t lower tilt angle a2.

Angular tunability on Li2MnOs-Au pillar thin film morphology was also studied and the
change of properties was characterized using optical measurement technique. TEM samples
films grown at different tilt angle o were prepared, observed using HAADF technique and the
result is shown in Figure 5.5. The setup shown in Figure 5.5(a) have target-to-substrate holder
distance do, actually target-to-substrate distance d’, and tilt angle ai1. The composite film

possesses thickness about 240 nm, long Au pillars with aspect ratio larger than 20, and pillar-

substrate angle 1 about 70°. On the other hand, the film exhibits thinner film (~180 nm) under
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smaller tilt angle az. Besides, the pillars are shorter yet wider (~11.1 nm) compared to
configuration in Figure 5b, and the pillar-substrate angle B2 is about 80°. What’s more, the short
pillars also hold different strain state compared to the long pillars. As it is mentioned, the long
pillars experience a 0.14 % compressive strain in Li2MnOs3 along [001] direction and 2.77 %
compressive stain in Au along [111] direction, whereas the short pillars have 0.53 % tensile
strain of Liz2MnOs3 (001) and 1.66 % tensile strain of Au (111). Reason smaller tilt angle renders
this result can be explained by the growth rate controlled by the tilt angle. Smaller tilt angle
indicates slower growth rate, further indicating increased stability of in-plane growth and
suppression of out-of-plane growth.[265] This matches with the difference in thickness between
the two configurations. It is known that smaller tilt angle a2 result in less significant shadowing
effect (more close to normal growth configuration), therefore the LizMnO3 adatoms have higher
chance to disrupt the continuous growth certain Au pillars, forming Au morphology that is more
close to particle.[225][265] Furthermore, the Au pillars of these two films demonstrate distinct
optical behavior as observed in Figure 5.5(g) and Figure 5.5(h). The permittivity (&';) along the
in-plane direction presents a blue shift which might be due to the increased in-plane dimension
of the Au pillars. Additionally, the out-of-plane permittivity (&’,) of shorter Au pillars decays

faster than longer pillars due to its relatively higher volumetric percent.

5.5 Conclusion

The epitaxial LizMnQOs3-Au are obtained from oblique angle pulsed laser deposition and the
tilted Au pillars can be obtained with different tilt angle, separation space, and length by altering
the tilt angle and growth rate. The film was obtained in terms of Au pillars embedded in
Li2MnOs dense film rather than separated Li2MnO3-Au composite columns, which is different

from the typical result reported regarding other composite OAPLD systems.[252], [253], [266],
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[267] This indicates the potential of creating even more complicated and novel structures by
selecting the correct materials combination, where new applications can be explored. Besides,
the successful demonstration angular tunability and correlation between thin film structure and
optical properties suggesting such opto-electrochemical systems can be engineered to achieve

real-time battery performance monitor and evaluation through optical approaches.
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6. LiMno.sNio3C00202 THIN FILM CATHODE INTEGRATION ON
NORMAL GLASS SLIDES BY PULSED LASER DEPOSITION

6.1 Overview

Simply one-step synthesis of LiMno.sNi0.3C00.202 thin film on Al-doped ZnO transparent
current collector is achieved on regular glass substrates using pulsed laser deposition (PLD)
technique. The crystal structure, texture properties, film morphology and electrochemical
properties are compared before and after galvanostatic cycling process. The AZO current
collector shows excellent stability after the cycling. The successful integration of cathode on
glass substrates provide successful first step integration of all-solid-state battery on glass

substrates.

6.2 Introduction

Thin film lithium ion batteries have been extensively explored due to their advantages in
applications such as portable electronics and microelectronics, because they exclude inactive
additives such as binder and are superior in full-cell integration with designable structures and
configurations. Most of the substrates for thin film lithium ion batteries are opaque conductive
substrates such as Al, Cu, Ti, Carbon based substrates, but not much efforts are devoted on other
substrates such as glass.

Glass is very widely applied in many fields and can be associated with battery for advanced
applications such as google glass. It is much cheaper and readily available compared to other
conductive substrates mentioned above. Besides, it is also explored as a useful substrate for
different applications.[268], [269] However, glass is normally insulating and needed to be

pretreated before it can be used for full-cell integration. ITO is a type of conductive glass that is
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usually applied as current collectors on glass or other substrates. Hwang et al. deposited
LiMn204 on ITO buffered Pt/Al substrates and discovered improved properties using RF
magnetron sputtering,[270] Different synthesis techniques[271] and different cathode
systems[272] were also explored. Different from ITO, Perkins et al. explored LiCoO2 on SnO2

buffered glass substrate and the film orientation and crystallinity is heavily dependent to it.[273]

\:‘ NMC/AZ0 coated glass NMC
1 - AZO
Glass

AZ0 coated glass

Figure 6.1 Schematic drawing of the stack of cathode and current collector on glass substrates.

In this work, we demonstrate the half-cell integration of transparent conductive Al-doped ZnO
as current collector and NMC532 as cathode on glass substrates, which is illustrated in Figure
6.1. The thin film half-cell has been tested with electrochemical measurements including cyclic
voltammetry and cycling performance, and the as-deposited thin film is compared with the

electrochemically cycled thin film on crystallinity, texture, and surface morphologies.



123

6.3 Experimental

Cathode Li

Electrolyte

Figure 6.2 Scheme and photo for the two-electrode setup for electrochemical measurements.

NMC532 (MTI) powder was mixed with 15% Li2CO3 (Alfa Aesar), cold-pressed into a pellet,
and sintered at 900 °C under O2 atmosphere for 24hrs. More details can be found in previous
reports.[77],[155] Pulsed laser deposition system (Lambda Physik Compex Pro 205, 248 nm
KrF) was applied for both NMC and AZO film growth. The glass substrates are glass slides
purchased from Fisher scientific. The target-to-substrate distance was set to 5 cm. For NMC, the
growth parameters are: laser frequency 5 Hz for 33 mins, energy density 1.9 J cm?, Oz
atmosphere pressure 10 mTorr, deposition temperature 550 °C, annealing 1 h at 550 °C for 1 h
then cooled at10 °C/min under 15 Torr Oz. For AZO, the growth parameters are: laser frequency
10 Hz for 7 mins, energy density 3.3 J cm™, Oz atmosphere pressure 7 mTorr, deposition
temperature 420 °C, cooled at10 °C/min under 7 mTorr O2. X-ray diffraction (XRD) was
performed using PANalytical Empyrean Diffractometer system with a Cu Kal (A= 1.5406 A)
source. FEI NOVA nanoSEM Field Emission was used for micrograph probe at 10 kV. SEM FEI
TALOS 200X system was used to take Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) (under high angle annular dark field, HAADF)

images. Ar filled glovebox (MBraun, O2<0.1ppm, H20<0.1ppm) was used to perform two-
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electrode measurements with Li metal anode (Sigma Aldrich) and 1M LiPFe in EC:DMC organic
electrolyte. The set-up can be found in Figure 6.2. Arbin BTS2000 testing system was used for
all the electrochemical tests. The voltage window for all the measurements is between 2.0V-
4.2V and current was kept constant at about 5 pA/cm?. The C-rate is estimated based on the
actual measurement time for each cycle. The Cyclic Voltammetry (CV) was measured at

potential ramp rate from 20 pV/s to 400 uV/s.

6.4 Results and discussion

Figure 6.3 (a) Low-magnification SEM micrograph of as-deposited NMC/AZO/glass thin films;
(b) high-magnification SEM micrograph of as-deposited NMC/AZO/glass thin films.

The as-deposit film was examined on its surface morphology using SEM, as shown in Figure
6.3, which exhibits a typical platelet grain morphology of layered oxides obtained by pulsed laser
deposition.[198] Besides, some minor cracks can be observed along the grain boundaries. The
possible reasons for this can be a result of strain relaxation from the large mismatch between the
preferred orientation of AZO current collectors and NMC films.[235], [274], [275] This

statement can be further confirmed by the out-of-plane XRD measurement results shown in
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Figure 6.4(a). First, the XRD pattern shows both AZO buffer layer and NMC film have highly
preferred growth orientation along the out-of-plane direction, and the lattice misfit between

AZ0(0002) (d=1.36 A) and NMC(0006) (d=1.25 A) can be calculated by the following equation:

_ |dNMC(0006) - dAZO(OOOZ)l

£
: dnmc(oooe)

which gives out misfit € around 8%. Additionally, the in-plane texture property was explored
using pole figure measurement exhibit in Figure 6.4(b) -6.4(e). Different from the
aforementioned out-of-plane XRD pattern, the in-plane pole figures for both AZO(1014) and

NMC(1014) show a powder-like behavior, indicating a polycrystalline nature along the in-plane

orientation.
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Figure 6.4 (a) Out-of-plane XRD pattern of as-deposited NMC/AZO/glass thin films and cycled
NMC/AZO/glass thin films; (b) pole figure NMC(0003), (c) pole figure NMC(1014), (d) pole
figure AZO(0002), and (e) pole figure AZO(1014) of as-deposited thin films.

The electrochemical measurements were conducted using a two-electrode set-up in the

glovebox. The thin film cathode was cycled between 3.0V- 4.2V galvanostatically and the charge

rate can be estimated to be around 0.02C while the discharge rate is roughly 0.05C for the first
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cycle in Figure 6.5(a). The discharge capacity is about 800 pAh cm? um!, which exceeds the
theoretical volumetric capacity of 574.08 pAh cm™ pm™ and this suggests heavy
pseudocapacitive contribution from the thin film nature.[276] The possible electrolyte
decomposition can be excluded as the dQ/dV plot shown in the inset only shows the typical
anodic and cathodic peaks of Ni**/Ni*" pairs.[55] 5 consecutive cycles of CV measurements
were performed at ramp rate of 50 uV/s in Figure 6.5(b). The average potential of cathodic peaks
is around 3.5V and that of anodic peaks is 3.95V, representing Ni*'—Ni?** reduction reactions
and Ni**—Ni*" oxidation reactions, respectively. The relatively large potential difference
between anodic and cathodic reactions suggests a significant polarization in the cathode, which is
expected due to the thin film properties of the as-deposited NMC. It is also noted the intensity
ratio of cathodic peaks to anodic peaks largely increased after the first cycle, indicating the
improved redox reaction reversibility after full activation and homogenization. The galvanostatic
cycling test shows the capacity decays fast in 10 cycles, and the C-rate at the 10™ cycle is about
2.6C where the 1% cycle has C-rate about 0.3C in Figure 6.5(c). The CV measurements were
again applied on the cycled film, shown in Figure 6.5(d), and it shows pure pseudocapacitive

behavior under different ramp rates.[277]
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Figure 6.5 (a) Charge-discharge curve of the first cycle of NMC/AZO/glass with inset showing
the dQ/dV plot of that; (b) five consecutive CV cycles of NMC/AZO/glass thin films at potential
sweep rate of 50 uV/s; (¢) cycling behavior of NMC/AZO/glass thin films for 10 cycles; (d) CV

measurements of NMC/AZO/glass after cycles at different sweep rate of 20 pV/s, 50 pV/s, 75

uV/s, 100 uV/s, 200 uV/s, and 400 puV/s.

The cycled film was cleaned and the structure as well as surface morphology was remeasured
using XRD and SEM. The out-of-plane XRD of the cycled film is shown in Figure 6.4(a), which
is observed that the peak intensities of NMC are largely decreased while that of AZO almost
stays the same. Similar results are shown in the pole figure measurements demonstrated in
Figure 6.6(a)-6.6(d). The NMC(0003) pole figure has decreased out-of-plane intensity and shows
more random distribution of orientations, suggesting possible fragmentation or mechanical

failure of cycled film. However, the AZO pole figures almost have no difference compared to the

as-deposited AZO pole figures. The SEM micrographs in Figure 6.6(e)-6.6(f) confirm the
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mechanical failure, where the cracks along the grain boundaries has propagated significantly and
some intragranular cracks can also be observed in the high-mag SEM micrograph. Nonetheless,

no obvious film delamination is observed.
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Figure 6.6 (a) pole figure NMC(0003), (b) pole figure NMC(1014), (c) pole figure AZO(0002),
and (d) pole figure AZO(1014) of as-deposited thin films; (e) low-magnification SEM
micrograph of cycled NMC/AZO/glass thin films; (f) high-magnification SEM micrograph of
cycled NMC/AZO/glass thin films.
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6.5 Conclusion

In this work, we have demonstrated a very straightforward method to integrate thin film
cathode on glass substrates. This method has great potential in designing all-solid-state batteries
integrated on glass substrates due to the flexibility of PLD growth on different material systems.
However, the film needs to be modified using either nanocomposite/nanostructured methodology

to improve the actual film performance.
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7. SUMMARY AND OUTLOOK

Thin film batteries are promising for high power lithium ion batteries as the reduced thickness
allows faster lithium diffusion in the electrodes. However conventional 2D planar film
geometries could have limited energy loading due to the constraint footprint. Therefore,
modification on thin film electrodes is necessary to meet industrial standard. In this review, we
have reviewed representative advancements of thin film cathode electrodes using nanostructure
and nanocomposite concepts for advanced lithium ion battery applications. It can be summarized
that:

1) Interconnected nanostructures have better cycling stability due to the robust building

blocks;

2) Synthesis techniques involve fine atomic level reaction gives out thin films with better

performance;

3) Most thin film cathodes require high temperature treatments in order to obtain proper

crystallinity, crystallographic phase or mechanical robustness;

4) Higher surface area can increase the active material loading and electrochemical

performance, but also promote more side reactions, which generally require application of

surface coatings;

However, several challenges remain in this field.
1) Thick film slurry electrodes are far well studied than thin film electrodes. It is important to
focus more on binder-free thin film electrodes as it can help reduce the inactive mass in the
electrodes to improve energy density, and high-performance thin film electrodes are

necessary for safer all-solid-state batteries.
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A large portion of studies has been conducted on anode materials or the relatively simple
cathode model systems (LiFePO4, LiC0oO2, LiMn204, V20s) due to the difficulties in
synthesizing complicated cathode materials by using current established thin film
techniques. Therefore, it is important to develop simple, cost-effective and scalable
techniques for advanced thin film cathode modifications.

Microstructure study of nanocomposite thin film cathodes are lacking. This is however
especially important in order to achieve correct conclusion of enhancement mechanisms
and to design better structures.

A standardized data format was missing from many literatures studying thin film
electrodes and thus is very much needed. It seems rather random that whether the value of
gravimetric capacity, volumetric capacity, or areal capacity were chosen to be published in
these literatures, which adds significant difficulties to compare the performance of

different studies.

We selected the reported data of several representative modified thin film cathode materials

modified by the different modification approaches and summarizes in Peukert plot shown in

Figure 7.1, which can provide basic guidance for future research to design advanced thin film
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Figure 7.1 Peukert plot of representative thin film cathode electrodes modified with approach

Al1,A2,B,C1, and C2.

Apart from the current effort that has been put into the thin film cathode modification work by us,

there are several things worth attention and continuous study in the future:

1) Despite the advantages of synthesizing thin film cathodes with complex compositions, it is

2)

still relatively difficult to synthesize lithiated cathode materials. Another type of layered

oxide, VOx, which is usually synthesized as nonlithiated state, worths more attention;

More integration work on substrates like MICA, glass should be explored and our previous

results of Au incorporation or morphology change should be applied into the integration

work;
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3) Similar modification technique should be applied to solid state electrolyte to aiming to
improve the electrochemical performance and solving instable electrolyte-electrode
interfacial issue;

4) All-solid-state lithium ion batteries on substrates like glass or MICA needs to be finally
integrated using comprehensive modification techniques, which is potentially applicable

for transparent batteries or flexible batteries.
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