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SUMMARY

Performance and cost of batteslls are mosstrondy affected by their electrode
and electrolyte materials, which are the basis of battery electrochemistry that enabled
electrochemical energy storage applications today. This thesis systematically investigates
the nanoconfinement of metal oxides and metal fluorides as electrodeatsatfrom
material selectionsynthesis,characterization, tovariable control, and methodology

optimization

First, nanoconfined metal oxides were developedultra-high-rate performance
applicationsUniform lithium titanate particles within 3 noonfined withinporous carbon
matrix were reportedor thefirst time anddelivered up to 12 times higher grangtric and
volumetric capacities than the statiethe-art activated carbon electrodekhis technique
wasusedto prepareothernanoconfinednetal oxide with similar dimensionsincluding

titanium oxide, ickel oxide, manganese oxidajprous oxideamong others

Conversion type cathode materialwidely regarded athe most promising
candidates for nexgeneration lithiurrion batteries (LIB), werestudiedfor high energy
density applicationdn particular | focused ormetal fluoride(such asron (ll) fluoride,
FeR) nanoparticles confined in carboinon (lll) fluoride offers very high theoretical
capacityandbettersafety and cost advantage ogenventionaintercalationtypecathode
materialsthatrequirethe expensive nickel and cobalt. Tdyelic capacity retentiownf the
composite produced by electrospinning followed by gas phase fluorination ex¢beded

state of the afby nearly an order of magnitude in cells.

XVi



Finaly, the shell confinement of iroflll) fluoride cathode byin situ cathode
electrolyte interphase (CEWas studied The CEIl propertiescould be controlledby
electrolyte optimization. Poshortem analysis after cell cycling revealed insigirsthe

mechanisms of CEI formation.

XVii



CHAPTER 1. INTRODUCTION

1.1 Overview

Todayenergy storage technologyhfooming in responsé much more rapidly
growing demandLithium-ion batteres (LIB) have dominated the consumer electronics
maket andexpandeda g gr essi vely to automotive indust.
giant battery plant in Australia went into operation in January 2018 and this project
generated $1 million revenue in only 2 days. Most importantly, suchplét couldbe
effectively incorporated into the energy mix as an essential support of intermittent
renewable energy sources, solar, wind, tidal, ocean wave, geothetan#d, enablafully

renewableenergyeconomy.

The global LIB market was valued at around $80on in 2016 and is expected to
generate revenue of $68 billion or more by the end of 2022, growing at a compound annual
growth rate exceeding 14%. The oversupply of LIBs is depressing the price and battery
customers demand higher performances, triggehe investigation of the next generation
energy storage solutions for lower cost and higher energy and power densities, depending
on a particular application. A significant portion (sometime up to 50%) of the total cost of
a battery cell is affected bglectrode and electrolyte materials. Therefore, technology
breakthroughs that rely on the use of cheap materials produced from broadly available

resources and enabling high capacity and duralai@gritical.

Research on novel materiatspgush forward the boundaries of cost, energy/power

density, cycle life and safety is becoming a priority. Many promising cathode and anode



materials appear, but most still suffer from relatively poor electrical and ionic conductivity,
large volume expansin, undesirable side reactions with organic electrolytes, weak
mechanical robustness, low temperature tolerance and other shortcomings. The recent two
decades have been an exciting era for research and development to enhance the
performances of electrodeaterials. Common strategies include morphology control,
dimension reduction, composite formation, coating and encapsuldtianoconfinement

is theadvanced technique that combinesadltheabove. At the time of this writing, there

are still very few reports on nanoconfinementapen literatureThe majority of such
studiesarenarrowed down to the mehfiltration of sulfur into porous carbon for improved
electronic conductivity and confined sulfur particle Si&ulfur is naturdly a favorable
material for meHinfiltration due to its relatively low melting and boiling poirgad so the

technique isotfeasible for most other electrode materials.

1.2 Objective

The objective of this thesis is to develop a methodology to nanoconfine a broad
rangeof metal oxides and metal fluoridaad study the impact of nanoconfinement on the

rate and reversibility of electrochemical reactions with liquid electralytes

1.3 Hypothesis

The hypotheses to test are:

1. Carbon nanopores may serve as nucleation sites forrination of precursor

particles from the solution.



2. Uniform composites may be formed by infiltration or other strategies to confine
precursors into nanoporous carbons.

3. Under optimal parameters, hdetatment may be able to convert precursor
nanoparticles to active material nanoparticles without changing the
morphology.

4. The process variables may have profound effects on the morphology, and
electrochemical properties.

5. Upon success of nanoconfinement, one may be ablat teast partially
overcome some of thenitations of common electrode materials, such as poor
electronic and ionic conductivities, volume changes, transition metal
dissolution, phase separation, particle aggregadimmong others.

6. In electrochemicatells, the properties dh-situ formed cathode electrolyte
interphase (CEl)layer may be controlled by adjusting electrolyte &lt
composition and affect electrochemical performance and stability of
nanoconfined nanopatrticles.

7. The mechanism of CEI formation may belated either tochemical
decomposition and/or electrochemical decomposition of electrolyte materials

and may be affected by the electrode chemistry

1.4 Experimental Design

Experimental desigselected to teshe described abovhypothesesncluded the

following steps

1. Selecta range of templates and precursors of active materials.



. Synthesize nanoconfined crystals by vacuum infiltration and/or other strategies
under optimal conditions.

. Characterize aprepared materials by using appropriate techniques, including
but not limitedto: x-ray diffraction (XRD) to confirm the crystal phase,
thermogravimetric analysis (TGA) to measure the mass ratio in composites,
scanning electron microscopy (SEM) tmage thesurface morphology,
transmission electron microscopy (TEMY revealinterral features ata
nanoscaleamong others

. Study the processingstructureproperty relationship by monitoring the
changes of morphologychemistry and microstructure upon changes in
synthesis conditions and by analyzing how such changes elfettocherital
performancef the produced samples

. Upon succedsl synthesis ofthe initial material of choice develop a
methodology to apply similar or modified procedures to other
electrochemically active materials

. Conduct postmortem analyss, including electochemical impedance
spectroscopyEIS), XRD, SEM, X-ray photoelectron spectroscop¥RS) and
others, to reveal how changes in the cathode microstructure, composition and

surface chemistry correlate with the changes in cell performance with cycling



CHAPTER 2. BACKGROUND

2.1 Lithium -lon Battery i Electrode Materials and Electrolyte

AfBatteryo is a highly geneandbhoudrel i ncl
distinguished from whahdustrycallsthefi ( bat t er y) mo dpua cekomost nd A (L
academic scemai 0 s , Abatteryo is used by resear che
the most basic unit of an energy storage product. Most academic studies in the battery field
concentrate on cells and cell components and aim to solve fundamental problems at the
cell, electrode and electrolyte levels, includthg thesis. Modulsand pack will not be
discussed here.

<€ | e =
Charge ! | Discharge

Anode Cathode

£ Dischargés’ ’
LiCoO,

Non-aqueous Separator
electrolyte

Figure 1. The standard structure layout of a typical energy storage devicke.
Reproduced with permission from The Royal Society of Chemistry.

The standard layouF{gurel) of a traditional LIB cell includes tavelectrode$

cathode lfigher potentiaklectrod¢ and anodel@wer potentiaklectrodg, separated by a



thin sheet of an electridglinsulating porous separator membrane, which is sokad

electrolyte solution that enables the free transports of solvateidris® Eledrodes are

comprised of metal current collector foils (Al, Cu, Ri¢) coated (mostly on both sides)

by a layer of active (Li storing) materials mixed with conductive addi(wssaly carbon

black, carbon fibers, exfoliated graphite or carbon nanotuded)held together with

pol ymer binder (s). For the sake of simplic
material and other components on the current collector (binder, carbon additojes,

would be out of the scope of this thesisFlgure 1, the cathode material is LiCeCand

the anode material is graphitégure2 represents the typical chardescharge profiles of
atypical Li on batteri es. Theredre twéigueBaprp pe
standing for the reverdibelectrochemical reaction (one for oxidation, the other reduction).

The voltage of the two peaks should be consistent with the plateau voltaigeiia2b.

Flat plteaus are always observed during the chdiggharge test of Lion batteries.

e
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Figure 2. Typical cyclic voltammetry (a) and chargedischarge profile (b) curves of
Li-ion batteries.

LIBs have already become the first choice for multiple energy storage applications,
i mproving their Aperformance to costo rati

market. Dissecting a commercial LIB into its component parts and looking at théasate



the cost of processing and cobalt in cathodes are the major hurdle of further cutting LIB
cell-level cost. A great volume of research in LIBs has been in electrode materials, aiming
at higher charge capacity, voltage (for cathodes), and rate gajmaeithance the energy

and power densities of LIBs and make them smaller and cheaper. Because the market is

already large and rapidly growing it is critical for the materials used not to be tdo rare.
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(b) Charge Capacity

H
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' (mAhg™)
3861 [ Type B Conversion Cathodes 372
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Figure 3. (a) Availability and (b) charge capacity of various alloying materials for L
ion battery anodes. Gravimetric and volumetric capacities are theoretical values
calculated based on delithiated mass and lithiated volume, respectivéliReproduced
with permission from Elsevier. (See Appendix A for the permission letter)



Figure3 shows the abundance, wholesale price, and charge capacity of metals on
t he Earltltrsodlearlyindiaatd that Al, Fe, Mn, Cu, Nitc are cheaper alternatives
to Co. Accordingly, those metals are doped into conventional LCO and LMO to form new
cathodes for compromised performances and cost, such as NCA, NMC, dtidMi&dgure

4 is a systematic summary of the mainstream electrode materials in terms of potential vs.

capacity*
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Figure 4. Approximate range of average discharge potentials vs. sgfic capacity of
some of common (a) intercalation cathodes, (b) conversion cathodes, (c) anodes, and
(d) the comparison of all three! Reproduced with permission from Elsevier. (See
Appendix A for the permission letter)

2.1.1 Cathode Materials

As shown inFigure 4, cathode materials can be categorized into an intercalation

type and a conversion type. An intercalation cathode material has a robust crystal structure



that serves as a solid host. Lintercalates into and eatercalates from the lattice
reversibly through specific diffusion channels. Most popular intercalation cathode
materials both in academia and industry are transition metal oxides and polyanion
compound. Typically, intercalation cathodes have 2B mA h ¢ specific capacity and

3-5 V average voltage vs. Li/Li Representative transition metal oxides include Li€oO
(LCO), LiNio.gCm.15Al0.0802 (NCA), LiMn204 (LMO), LiNiosMnosO. (NMO) and

LiNi 0.33C00.33Mno.3802 (NCM). Some common drawbacks of these oxides are toxicity
from Co, unstable crystal structure during cycling, unstable SEI, limiteditfusivity,
transition metal dissolutiortc Polyanion compounds describe a group of materials with
(X04)* (X =S, P, Si, As, Mo, W).LiFePQ: (LFP) is the representative one broadly used

in automotive industry. Other examples are LIMRRIOMP), LiCoPQ: (LCP), LiFeSQF

and LiV(PQ)F. Polyanions are mostly limited by their specific capacity, anglmential.
Fluorinated polyanions perform high voltage and capacity, however, the complicated mass
production of high quality powders and unstable structure during cycling make them

obsolete.
Conversion type cathode materials are introduced in Chapter 2.3.
2.1.2 Anode Materials

Anode materials are much less diverse than cathode materials. Most popular anode
materials today are intercalatitype graphitic and hard carbons. However, intercalation
type and conversietype metal oxides as well as alloying materaksalso being explored

in literature!



Graphitic and hard carbons are the most broadly adopted anode materials in the
battery market due to their low cost, abundance, low potential vs Lifigh conductivity
and small volume change. However, their leditvolumetric capacity is gradually pushing
researchers to explore other anode candidates (sucibasesi) given the growing demand
of high performance LIBs. Furthermore, their limited rate performance and cycle stability
also pushes one to explore otlaodes, including those that operate at higher potentials
(vs. Li/Li*). Among the metal oxides, intercalatiype LisTisO12 (LTO) has been
successfully commercialized for some applications due to its superior mechanical and
electrochemical stability, hig rates, despite the higher cost and highef Li
insertion/extraction potential (note that their reducedlegkl voltage lowers celevel
energy density compared to graphite anodes). LTO is on the top list of anode materials for
high power applicationand dominates this market segment, in contrast to other metal
oxide options, e.g. Ti&) MnOy, FeOy, etc, which have not shown comparable rates,
stability and overall performance and thus are not currently commercially used. Alloying
materials here refeto the elements that electrochemically alloy with Li and form
compound phases. This category is usually regarded as the most promising choice for next
generation LIBs with higher energy density by both academia and industry. They have
extremely high voluratric and gravimetric capacities, but are also notorious for their
colossal volume change, expanding to several times the original volume upon lithiation.
The most attractive one is Si due to its abundance, low costtorimity, chemical
stability, relaively low average Liinsertion/extraction potential (only slightly higher than
that of graphite) and the highest theoretical volumetric and gravimetric capacities, which

exceed ones for graphite by nearly 3 and 10 times, respectively.
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2.1.3 Electrolyte

As an electrochemical bridge ionically connecting cathode and anode, LIB
electrolyte plays a key role in a battery cell in terms of electrochemical cycling stability,
rate capacity, voltage window, acceptable temperatfreoperation,among other
properties Oveall, electrolyte solution is composed of a Li salt solute, solvent mixture,
and additives (minor (5%) cosolvents added to enhance voltage or cycle stability or to
reduce flammability). Solvent mixture is used instead of a single solvent primarilp due t
its high solubility, tuned physical properties. Traditional LIBs typically usel@®8M
LiPFe solution in a mixture of such esolvents as ethylene carbonate (EC), dimethyl
carbonate (DMC), diethyl carbonate (DEC) and other (mostly cyclic and lindemcde
based) cesolvents. LiPEis the most commonly used salt due to its reasonable cost, high
conductivity, stable chemical properties at room temperature, good solubility in organic
solvents and passivation of Al current collectors. kiBEcomes unskde at elevated
temperatures (e.g., > 60 °C) and tends to decompose into fluorides, in whitlitluase
bis(trifluoromethanesulfonyl)imidgLiTFSI) (as standalone or as a-salt) is often
considered as a substitute. However, LITFSI causes pitting morrasm Al current
collectors at > 3.55Vthus particular solvents or passivating additives are ‘h&aHer
lithium salts, such as lithium perchlorateGlO4), lithium bis(oxalate)borate (LiBoB) and
lithium tetrafluoroborate (LiBE are rarely seen in pracal applications, except for

particular research purposes.

Table1 shows some of the properties for some common electrolyselgentst
Cyclic carbonates (EC and propylene carbon&e€) (here) are particularly qualified

electrolyte solvents with wide operating temperature and high dielectric constants, which
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gives high polarity to promote the dissociation of electrolyte, and can forta Stablayer

on the anode. Linear carbonates (DMC, DEC, ethyl methyl carbdalst€)| serve as a
co-solvent to tailor the viscosity, solubility, and temperature window. As the conversion
electrode materials came to the stage these years,beibent solveas, dimethoxyethane
(DME) and 1,4dioxane (DIOX, are used for the compatibility with the relatively active

nature of these materials.

Table 1. Relevant physical properties of common electrolyte solvents.

Melting Boling Dielectric Constant ~ Viscosity
Point °C)  Point(°C) (@ 25C) (cP @ 25C)
EC 36.4 248 89.78
PC -48.8 242 64.92 2.53
DEC -74.3 126 2.805 0.75
DMCS 4.6 91 3.107 0.585
EMC -53 110 2.958 0.65
1,3DIOX -95 76 7.13 0.59
Monoglyme -58 84 7.2 0.46
Diglyme -64 162 7.23
Triglyme’ -45 216 7.62 1.95

Electrolyte additive is an emerging field of LIB research with a principal of
Amoving the earth by a | ever o0."conduetvitg s s enc e
viscosity, dielectric constant, anode solid electrolyte interphase (SEI) and cathode solid
electrolyte interphase (CEI) properties through adding trace amount(s) (typicaiy, 0.1

vol.%) of salts and/or solvents. More details will be disedss Chapter 2.4.

2.2 Lithium -lon Capacitor i Compromise and Progress

12



High power electrochemical energy storage devices, such as electrochemical
capacitors (also called supercapacitors) and high pbaweam batteries are becoming
critical components of gricknergy storage systems, hybrid electric vehicles, hybrid
forklifts and hybrid craneghe latest generation of energfficient ships, windurbines
uninterruptable power supplies and specialized electronic devfte¥vhen compared
with traditional Li-ion batteriessupercapacitors generally offer longer cycle life, broader
temperature window of efficient operation and higher powet commonly suffer from
low volumetricenergy densitandthe resultindhigh cost (per energy storedhe majority
of commercial supercapacitobelong tothe class of electrical double layer capacitors
(EDLCs) comprisingoorous carbon (mosthkyactivated carbonAC) in both positive and
negative electrodesymmetricallyand storing charge electrostatlggFigure6a). In order
to increase the energy density of supercapacitors, asymmetric electrochemical capacitors
(often termed asymmetric capacitors) had been peapds least one of the AC electrodes

in such devices is replaceg a pseudocapacitive dratterytype electrode'®

b —

(a)5 (b) S

= ©

g €

S 8
Potential (V) Capacity (Q)

Figure 5. Typical cyclic voltammetry (a) and chargedischarge profile (b) curves of
Li -ion capacitors!! Reproduced with permission from WILEY -VCH. (See Appendix
A for the permission letter)
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Figure 6. Schematic of the structure of a typical Liion capacitor, (a) EDLCs and (b)
hybrid supercapacitors!? Reproduced with permission from WILEY-VCH. (See
Appendix A for the permission letter)

Out of the family of asymmetric capacitors;ibn capacitors are constructed from
an EDLGtype electrode and a LiB/pe electrode, separated by a Li salt based electrolyte
(Figure 6b).}? Different from Li-ion batteries Figure?2), the chargelischarge profiles of
Li-ion capacitors are more like those with round cornErgufe 5).1* Commonly, the
electrochemistry associated with such device are represented by ion adsorption/desorption

at the cathode surface and* Lintercalation/dentercalation at the anode surface
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simultaneously. That being said, the coupling of Faradaic and~a@daic reactions
provides a solution to compromise and improve both the energy and power density

simultaneouslyKigure7).
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Figure 7. Approximate range of specific power density vs. energy density of common
energy storage device$t Reproduced with permission from WILEY-VCH. (See
Appendix A for the permission letter)

2.2.1 Electrolytes

Electrolytes of Liion capacitors can be either aqueousooganic. Agueous
solutions preform low viscosity thus high mobility, despite the limited voltage range and
voltage window. In contrast, organic electrolytes are able to afford high voltage up to 3 V

but with high viscosity thus low ionic conductivity.

Popular aqueous electrolytes include basic solutions (e.g., LiOH), acidic solutions

(e.g., HSQs andLi>SQy), and neutral solutions (e.g., LiINOwith concentration of 0-6
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M. Aqueous electrolytes is an independent and inclusive research area witrstacip. hi
Solute selection (cations and anions), concentration and additives all play a key role in the
performance, but further discussion will be out of the scope of this thesis. Most commercial
Li-ion capacitors comprise organic electrolytes. Their elstérselection usually overlaps

with that of the relevant LIB electrolytes with appropriate optimization for lower viscosity
and higher ionic conductivity, for example, replacement of EMC by acetonitrile, lowering

the concentratioretc

2.2.2 Electrode Materiad

Commonly used electrode materials in-idi capacitors are carbonaceous
materials (high surface area activated carbon used by industry, carbon nanotube, graphene,
and other novel materials used in academic studies), metal oxides and hydroxides, various
Li* intercalation compounds and their composites. The proper balance of the absolute value
of power and energy of the two electrodes is critical in the net operating potential and long

term performance retention.

In agueous Lion capacitor systems, metatides, such as NiO, MnOVxOy, and
FeOy, have been used as cathode materials, while AC serve as anode materials in a
balanced cell. Manganese oxides are usually considered as promising materials due to low
cost and low toxicity. But similar to Mbasedbattery materials, degradation from Mn

dissolution remains to be a challenge.

Nonaqueous systems usually adopt AC, metal oxides, hydroxides and polyanions
as cathode materials, such as Lidnand LiCoPQF, while LisTisO12 andTiO2, asanode

materials. Oerall, the kinetics of Li intercalation in those materials are much lower

16



compared with EDLCs. Researchers are interested in controlling the particle size and

morphology, or introducing highly conductive additives to overcome this issue.

2.3 ConversionType Cathode Materials

Electrochemical energy storage devices have been developing for more than a
century, and are now broadly applied in our daily life. As evolution of technology is rapidly
being pushed forward, there is a consistently growing demand fogeegration energy
storage devices that is cheaper, lighter, smaller and safer. UnfortunatedyutiliBing
conventionaintercalationtype electrodes approadb their theoretical limits and further
improvements in their energy storage characteristieslimited™ **> With a relatively
successful progress of advanced anode matétiatsjventional cathode materidiased
on intercalation chemistries, such as LCO, NCA, NMC, are becoming an dmeitgyg
factor typically only able to store less thameoLi" in each compoundr{gure 8a).1* In
addition, the transition metal contents in such materials (particularly cobalt (Co) and to a
less extent nickel (Ni)) are e&psive, limited in world reserves, heavy and toxic.
Therefore, it is critical to explore other chemistries and achieve sufficient performance
breakthroughs to meet the strong need for improved cathodes produced from cheap and

abundant transition metals.
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(a) Intercalation

(b) Conversion

Figure 8. Mechanism comparison of (a) intercalatiortype and (b) conversiortype
electrode materials during charge (delithiation) and discharge (lithiation):*
Reproduced with permission from Elsevier. (See Appendix A for the permasion
letter)

Relatively new LIB cathode materials, such as metal chalcogenides and metal
halides, based on conversion chemistries are now attracting renewed iftignast4d).
They overcome the limits of intercalation materials by accommodating multipleet.i
compound as shown ingHatian 1, yielding lithium or transition metals (M) and X

phases (X = S, F, Cétc) during discharge and-generating MXp upon charge:

0 £@QEQP WD @O 1)
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Such materials are called conversion ¢
in their crystalline structure involved during lithiation/delithiation, which breakd

reforms chemical bonds repeatediygure8b).

2.3.1 Metal Fluorides and Metal Chlorides

Metal fluorides and chlorides have been attracting increasing attention in the
academia recently as promising cathode candidates due to their high theoretical energy
density, resulting from the intermediately high voltages and specific capakitasg4b).

Metal fluorides and chlorides generally suffer from poor conductivity, large charge
discharge hysteresis, severe volume expansion, undesirable side reactions and metal
dissolution. These materials are notorious for poor electamriductivity resulting from

the large band gap inducéd.

It has been found that some of such conversion reaction could badly pulverize the
initial morphology of metal fluorides and chlorides into metal nanoparticles, which
catalyze the decomposition of digccarbonates. In addition, Fe, Cetc. nanoparticles
could be oxidized to related cations and dissolve in the electrolyte readily, which is very
challenging to conquer. Some metal fluorides and chlorides are even susceptible to
dissolution in common etérolyte solvents, making it unrealistic to be considered for
practical application unless a new type of cell design is introduced, such astatdid

battery. The volume expansion, however, is modest comparedheltogenides.

The stateof-the-art stategy to overcome these drawbacks is constructing
protective shells either from materials design or tailing CEl. Combination with conductive

additives seems to be an effective way to improve the conductivity. Overall, the high
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oxidation state of the trarigin metals and thus active chemical properties complicates the

research study of metal fluorides and chlorides by magnitudes.

2.3.2 Sulfur and Selenium

The past seven years are big years of sulfur. It has never been this hot in the energy
storage material histoy . Sul fur, one of the most abund
was found to have potential application as a cathode material for lithium batteries, with
remarkably high theoretical capacity of 1675 mA lifgyre4b). In spite of high capacity,

S performs low potential vs. Li/Li which drags its energy density down. It also suffers
from serious dissolution of intermediates formed during chdiggharge (polysulfies),

and low vaporization temperature, which induces loss of S under vacuum. S also expands
by 80% after fully lithiation, which destroys the electrical contact in standard electrodes.
Substantial efforts have been put to solve these problems, incluahiogtructure design,

S encapsulation, replacement byS,ielectrolyte optimizatioretc However, more cost
efficient approaches still need to be developed. Selenium, benefiting from the development
of sulfur, also attracted attention recently. SimilaBGtd&Se has high specific capacity but
with higher conductivity, and also suffers from dissolution issue and dramatic volume
change. The main limitation of Se comes from its lower abundance, comparable to Ag and
Au, and relatively high price, making it alstoimpossible to be used in high volume

applications.

2.4 Electrolyte and Solid-Electrolyte Interphase (SEI and CEl)

Solid-electrolyte interphase, SEI, is a layer that forms at the interface between

electrode and electrolyte with 2007 nm thickness$>*® The growth of SEI primarily is a
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result of electrochemically and/or chemical decomposition reaction between active
materials and the electrolyte solution. The exact mechanisms are very complicated and
sometimes mysterious, however, SEI is critical todtability and failure of LIBs. For
example, capacity loss in a full cell is usually because of loss of active materials or total
lithium inventory, while active materials can be consumed for the growth of SEI locally.

Such effect can be exacerbated at&tied temperatures, as this process is diffusion driven.

SEI objectively forms on both cathode and anode, though more apparently on the
anode side. Cathode SEI is often referred
highly dependent on the eleaie@materials, electrolyte, voltage window, temperature, cell
aging, purity of cell componentsic For LiPFs based cells, the anode SEI usually contains
Li.COs, organic semtarbonates, LiF, #& and ROyF..1"!° Electrolyte additives could
tunethecommi t i on of SEI effectively, but itobs

control.

FEC and VC are two common solvent additives for anode SEI formation. Please be
mindful that solvent additives also change the viscosity and dielectric constant of
electrdyte, making the justification more arbitrary. Solute additives are lithium salts that

contain B, N, P, S, F, Cl, Br, étc for special purposes.

Native oxides can affect SEI properties. A good example is that Si anodes
fabricated in air willinevitably be covered by a native oxide layer. This layer will be
irreversibly transformed into L$i-O compound at first charge (lithiation), which might be

applicable to other conversion anodgs.

21



CHAPTER 3. LITHIUM TITANATE NAN OCONFINED IN

POROUS CARBON FORLITH IUM ION CAPACITORS

Reproduced fromACS Nang 2016 10, 3977, E. Zhao, C. Qin,-R. Jung, G.
Berdichevsky, A. Nese, S. Marder, G. Yushiithium Titanate Confined in Carbon
Nanopores for Asymmetric Supercapacifo@opyright (2016),with permissionfrom
American Chemical Society.https://pubs.acs.org/doi/abs/10.1021/acsnano.6b00479
Further permissigrelated to the materiaxcerpted should be directed to the ACRe

Appendix A for the permission letter)

Porous carbons suffer from low specifiapacitance, while intercalatigppe
active materials suffer from limited rate when used in asymmetric supercapacitors. This
chapter demonstrates that nanoconfinement of intercalggoen lithium titanate
(Li4TisO12) nanoparticles in carbon nanoporeddeel nanocomposite materials that offer
both high ion storage density and rapid ion transport through open and interconnected pore
channels. The use of titanate increased both the gravimetric and volumetric capacity of
porous carbons by more than an omfanagnitude. High electrical conductivity of carbon
and the small size of titanate crystals allowed the composite electrodes to achieve
characteristic charge and discharge times comparable to that of the electricldgpeible
capacitors. The proposed coogite synthesis methodology is simple, scalable, and
applicable for a broad range of active intercalation materials, while the produced composite

powders are compatible with commercial electrode fabrication procésses.

3.1 Introduction
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As one ofthe anode mterials for highrate LIBs, spinel LiTisO12 (LTO), has
attracted significamtera@adt evrotliuamre c¢clheange du
lithiation and delithiation, which contributes to its excellent cyclic stalftity. One
drawback of LTOto be qualified for highrate performance is its poor electrical
conductivity (10*3to 10° S cm?).?#26 The commonly explored routes for improving LTO
electrical conductivity involved doping of metal or nonmetal ions{M@I%*, Zré*, Zr**,

WS¢ F, Br, etc) into Li, Ti or O sites of LTO. Unfortunately, the cyclic stability of such
doped LTO was often found to be impaired and the resulting rate performance was not as
high as desired?® Conductive carbon coating on the LTO surface may increase its
electrical conductivity, but, unfortunately, at the expense of significantly higher ionic
resistance, which becomes a rhieiting step in electrochemical reactions. The Li
transport in the bulk of LTO is also substantially slower than that in ligl@ctrolytes,

which makes LTO electrodes sluggish compared to typical supercagdedtodes?® To
address the slow ion transport, high surface area LTO morphologies, such as hollow
nanostructure¥ composite nanoparticled;*? nanosheets and nanovgfE3® and
others?2 2526 31, 38gye peen explored. In spite of the promising results and significant
progress in this field, the overall rate performance characteristics of nanostructured LTO
are still 12 orders of magnitude slower than that in EBLGurther reduction in
characteristic dimensions of LTO and thus diffusion distance has been a challenge
because the higannealing temperatures required during synthesisi @XC) induce
growth of LTO crystals due to Ostwald ripening. In additimmany of the recently explored

nanostructures still suffer from low electrical conductivity, are difficult to handle and
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utilize in commercial electrode fabrication processes and may additionally induce health

hazards (particularly nanowires and nanoplasic

Similar to LTO, mostof the otherbattery and pseudocapacitive materials suffer
from relatively low electrical conductivity. Severahethods(in addition to physical
mixing) to deposition-storing metal oxidesand conductive polymergn thesurfaceof
electrically conductive carbdmave been explored to improve the capacity retentioricand
reducecell resistanceof asymmetric capacitoré*® The majority of studies utilized
graphene and carbon nanotubes (CNTs), which have largelqjgivesen the pticles that
are available for oxide or hydroxide depositions, but aftentoo costly andbftentoo
difficult to use in commercial electrode fabrication equipment. In addition, uniformity of
such depositiors mostly limited. Some of thiechniqueshathave been exploreduch as
atomic layer deposition (ALD) processes, offer walhtrolled and extremely uniform
deposition of smooth metal oximsed coatings on electriga conductive porous
materials}**> which maximizes utilization of the active matialin asymmetric capacitors
(and high power batteries) at high charge and discharge Ha@gever, ALD currently

remains prohibitively expensivé

This chapterreportson a novel facile strategy for the synthesis of uniform and
spherical LiTisO12 activated carbon nanocomposites (LAGs), where crystalline suf
nm LTO nanoparticles are uniformly distributed and confined in the nanopores of the
carbon matrixout do not blockheseopen and interconnectedrbon poresCarbon pore
walls not only seve as spatial confinements to contta growth of LTO nanocrystaksit
also provide effective pathways teupply electrons directly to individual LTO

nanoparticlesThe interconnected open pores remaining irLi®-AC composites allow
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for the rapid tansport of Li ions. As a result, the best LFAC samples comprising a
small volume of mesopores demonstrated remarkable performance characteristics,
showing more than 100 mA h'gt the ultrahigh rate of 350 60 A g, 1C= 175 mA

g?l), where chargerodischarge takes place in ~ 6 s. At this rate, the 4AOshows 12

times higher gravimetric capacity and 12 times higher volumetric capacity than pure AC.
When compared with recently published Lb@sed and other materahsed
supercapacitors, the repedt LTO-AC composites show significantly higher specific
capacity at higher current ratés.contrast to the previously reported nanosized particles

of various shapeand sizs, which are difficult tchandle and utilizén electrodesiicron
scaleLTO-AC powders have the potential serve asa dropin replacement for AC

powdersin electrode productian

3.2 Experimental Methods

Activated carbon was provided by collaborator Sila Nanotechnologies, IngeSol
method was firstly used to synthesize nanosized biitQonly yield LTO particles sizing
5 nm or larger. Given the most pore size of active carbon within 3 nm, thelgmth was
discontinued. Nanosized Ti(articles within 5 nm were also successfully synthesized,
however, they tend to agglomerate sevweml crystallization temperature (> 60Q),

making it unfeasible to be infiltrated in the carbon pores.

3.2.1 Synthesis of LT@ACs

LTO-ACs werethenprepared bya vacuum impregnation technique. In a typical
synthesis, 340 mgf titanium(lV) butoxide (reagent gde, 97%, Sigmaldrich, USA)

and 57 mgof lithium acetate (99.95%, Sigr#ddrich, USA) were dissolved in 2 mof

25



methanol (anhydrous, 99.8%, SigiAlirich, USA) by ultraonication for 5 min to obtain
a transparent solution with bright yellow color asthe precursor. In an argefiled
glovebox, the precursor solution was then added dropwise to 200 mg sphemimabrous
activated carbanvacuum was applied during the interval of eveegondaddition The
precursorAC composites were thepreheaed in air at 300°C for 1 h, followed by
calcination at 800C in argon atmosphere for 10 h, yielding L'ITs. All three LTO
ACs were produced identicallysing the same amount of startmgterials and contaéa

identicalLTO to AC ratio in mass.
3.2.2 Material Characerization

XRD patterns were collected oa X 6 Pe r t P R QPANualytigat, arhe
Netherlandswi t h Cu KU radiation at a voltage of
images and EDS elemental mapping were acquired on Hitachi S&gddh) HR-TEM
and STEM mages with EDS line scarwere performed ora Tecnai F30(FEI, The
Netherlands) The BET surface area and pore size distributiothBypFT method were
analyzed ora Tristarporosimeter (Micromeritics, USAThermogravimetric analysis was

performed on a Ris 1 TGA
3.2.3 Electrochemical Measurements

Electrochemical characterization was carried out using type 2032 coin cells at room
temperature. The thiflm cathode consisted of commercial active carbon-{YP) and
polytetrafluoroethylene (60% dispersion in®q SigmaAldrich,USA) in a weight ratio of
90:10, while the anode consisted of active material {A3), carbon blacKadded for

comparison with prior studies on LTO), and poly(acrylic acid) (MY¥50000,
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Polysciences, IncUSA) in a weight ratio of 70:185, casted on Cu foil. The electrodes
were dried in vacuum at AT for 12 h. The electrolyte was composed of 1.0 M kiiaF
acetonitrile. Coin cells were assembled identically in an afijed glovebox. The cyclic
voltammetry studies and galvanostatitargé discharge tests were performed using a
Solartron 1480 MultistafUSA) and an Arbin BT2043 (Arbin InstrumentslJSA),
respectively.Volumetric capacities were calculated at the active material (individual
particle) level by considering total porosdf/the composite powders, mass fractions of C,

and LTO as well as their densities.
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Figure 9. Schematic illustration of the synthesis oETO -ACs: (1) vacuum infiltration
of the precursor solution into AC; (2) saturation of the precursor solution; (3)
calcination and crystallization.

3.3 Results and Discussion

The proposed synthesis protocol for L'ATs is schematically illustrated Figure
9. The synthesis of hydrophilic spherical AC particles was previously described by our
group?’ Three types of porous AC (AC #1, #2, and #3) with different pore size distribution
were used inhis work in order to reveal the impact of pore size distribution and particle
size on the electrochemical characteristics of-fnesluced electrode materials. As a first

step, a clear concentrated solution of a Ti source (this work used titanium (I'¥)dejto
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and a Li source (this work used lithium acetate) in methanol was prepared and then slowly
dropped into AC powders, followed by periodic vacudmnging steps to evaporate
methanol and confine the precursor mixture within the AC pores. The low swgfeient

of methanol in combination with strong capillary forces facilitated the successful
impregnation of LTO precursors inside the AC pores, rather than deposition on the external
surface of AC particles. In order to achieve higher loadings of LTO, #ieps can be
repeated several times. After infiltration of the sufficient content of the LTO precursor, the
composites were preheated in air at ~300 °C to decompose titanium (IV) butoxide and
lithium acetate into Ti@and LpO, respectively. The temperatushould be sufficiently

low to prevent the oxidation of AC pore walls. The final synthesis step involved calcination
(annealing) in an inert gas (argon) to obtain the tAGs (LTO-AC #1, #2 and #3
respectively). The amount of the starting materials,i Bélurces and ACs, was controlled

to be identical during the preparation, leading to the same mass ratios of LTO to AC in all
three samples and eliminating the impact of chemical composition on the electrochemical
properties. It should also be clarifiedatithe proposed process is general and the same
procedures could be utilized for a broad range of other porous carbon materials, such as
carbidederived carbons, ordered mesoporous carbons, and zeotipdated carbons, to

mention a fewf4°
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Figure 10. (a) XRD patterns of LTO-AC (LTO -AC #3 here,as anexample) pore size
distribution of different AC spheres without (b) and with (c) LTO loading.

Figure 10 shows results of the selective characterization technidugste 10a
shows he X-ray diffraction XRD) patternof LTO-ACs. All of the Bragg peaks can be
ascribed to the spinel LTghase (JCPDS card no.-8207, space groujd 3m) without
any significant content of residues or parasitic phases defécted. interesting
observation herein is the incosigncy of the anticipated LTO size (< 3 nm) with full width
at half maximum of XRD peaks. This may due to the signal overlapping of the particles in

micropores and those in mesopores, resulting in peaks with broad bottoms but sharp tops.
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Thermogravimetri@analysis (TGA) conducted in air could be utilized for determination of
the carbon and LTO content in the LIALs. A noticeable weight loss observed ati400
500 °C corresponds to the oxidation of carbon in LAQGs (to CO and C®gases),
revealing the LTO weight fraction (52 wt % in this case;garell). Nitrogen sorption
measurements of AC powders before and after impregnation with lar@particles
reveal a decrease of BrunatEmmettTeller (BET) surface area from 3108500 nf g*

to 13001700 m? g. This decrease is expected due to itiwease in the mass of the
samples. Despite this, the remaining volume of still open and intexctathpores might

be sufficiently large to promote rapid electrolyte penetration to support electrochemical
reactions at high ratesi@e infrg). The pore size distribution curves calculated by nonlocal
density functional theory (NLDFT) of the empty AC spés (AC #1, #2 and #3) and LTO
ACs (LTO-AC #1, #2 and #3) are plottedkingure10b andFigurel0c, respectively. More
detailed information is present Figure13a (0 50 A) and 10c (50100 A). All the AC

and LTGACs have a majority of poresgithin 4 nm. However, AC #3 and LTAC #3

also contain a small amount of mesopores B80nm). The pores in the range efi hm
facilitate electron tunneling from the conductive AC pore walls to LTO reaction sites since
the average distance between cartie carbon and LTO is less thaf2Inm, while the
larger pores (up to ~ 50 nm, particularly wedlveloped in AC #3;igurel3c) may provide

pathways for faster Lion transport from the surface to the bulk of the composite.
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(e) and EDS line scan result¢f) of LTO-AC #2 nanocompositesshowing uniform
distribution of LTO within a sphere

The morphologies and microstructures of the emptyekplates and the produced
LTO-ACs have been examined by scanning electron microscopy (SEM) and high
resolution transmission electron microscopy (HBM) studiesFigure12a shows empty
AC #2 patrticles, which exhibit nearly perfect spherical shape and high uniformity with an
average diameter of ~400 nm. After LTO loading, the morphology of-A0#2 stays
consistent with empty AC #2 and no distinct Li@ngarticles cald be seen on the outer
surface of the sphereBigure12b). Figurel2c andFigure12d compare the transmission
electron microscopy (TEM) micrographs af empty AC #2 sphere and a LTAC #2
particle, where the LTO nanoparticles are dispetsefbrmly in AC #2 fFigurel2c). As
seen inFigurel2d, the LTO patrticle sizeanges from 2 to 4 nm, which is consistent with
the AC #2 pore size distributioRigure10b andFigure13a). Since LTO nanopatrticles are
formed in the AC pores their dimensions are restricted by the pore size. The scanning
transmission electron microscope (STEM) micrograpilyyre 12e) represents the so
called Zcontrast imaging, where Z refers to the atomic number (the number of electrons
per atom). In a Z£ontrast image, the signal is proportional to the number of electrons per
unit of illuminated area of a sample, which is strongly influenced by Ti (Z = 22) and O (Z
= 8) atoms and thus LTO uniformity could be directly visualized (in thisicasea nearly
perfect projection of a uniformiglense spherical particle). EDS lsean analysisHigure
12f) confirms such observations and demonstrates that both Ti and O are uniformly
distributed within the AC #2 spheres. LIAL #1, #2 and #3 samples were prepared using

an identical process. The SEM and-HIEM images of LTOGAC #3 and LTGAC #1 are

34



shown inFigure12g, i andFigurel2h, j, respectively. All three samples impregnate LTO

uniformly and no LTO patrticles are observed outside the AC.
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Figure 13. Pore size distribution of AC spheres: without (a) and with (b) LiTisO12
loading (within 50 A); without (c) and with (d) LiTisO1z2loading (50- 500 A).

16 d | i khasize the gecat flexibility that this approach offers for the design of
such composite particles because their particle size distribution as well as LTO particle size
and pore size distribution of the LTACs could be easily tuned by adjusting size and
porosity of the AC powders (or other types of porous carbon powders) used for the vacuum
impregnation proces$5? Thus, the electrochemical, physical and even mechanical
properties of the composites are adjustable. This work will demonstrate that kelative
small variations in the porosity and morphology of the EAGs dramatically impact their

electrochemical performance characteristics.

Many previously reported studies utilized-called halfcell configurations for
electrochemical characterizations,evé lithium (Li) foil was used as a counter electrode

(an anode§® 2% 33while such cells are certainly easy to make, the results (both the reaction
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rate and cell stability) might be significantly different than that of the real cells. This is
becausehte Li losses in this system are hidden by the huge excess of Li present in half
cells because a majority of the side reactions take place on the Li anode (due to it lower
potential) and because possibly harmful oxidation reactions are eliminated byktlo¢ lac

the highvoltage cathodes in such cells. In addition, the rate of lithium ionization and
deposition that occurred at the Li foil (Equation 2) may be either slower or faster than the
Li insertion and extraction rate into the cathode. In the case vih@lating/ionization
(Equation 2 is slower tharLi insertion/extraction into/from LTO (Equation),3he rate

performance of hal€ells will no longer accurately reflect the rate capability of LTO.
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Figure 14. Cyclic voltammetry curves of AC//LTO-ACs full cells.

Therefore, electrochemical tests of the produced H4ATO anodes against a
commercial ativated carbon (AC) doublayer cathodevere carried out, and asymmetric

capacitor full cells were built. The cathode areal capacity exceeded that of the anode by at
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least 10% to make sure the overall performance is almoded. By examining cyclic
voltammetry (CV) of such cellsF{gure 14) and revealing the potentials of the
corresponding oxidation and reduction reactions, the full cell range €1.24.¥ was
seleced for this study. At the scan rate of 1 mV, $wo strong peaks at ~1.82 V are
observed when Liions are both intercalated or extracted from L{Euation3) and
additionally adsorbed/desorbed onto/from the AC surface of the-AT8& while the
counterions are adsorbed/desorbed /rim the surface of the commercial AC cathode.

No sidereaction peaks could be seen.
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recently reported LTO-based half cells I§) and other supercapacitor electrode
materials (C).

In EDLC and supercapacitor resdart is conventional to express ion storage
abilities of the materials in the units of E.¢However, in the LT@AC anodes it might be
more appropriate to use mA h!ainits because the LTO exhibits relatively narrow
reduction/oxidation peakf&igurel6a andrFigurel5illustrate the specific gravimetric and
volumetric capacities of different LTACs in full-cell configuration at various charge

discharge rates, and then comphafed-AC #3 with some recent perts. As a direct
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comparison, AGAC full cellswerealsofabricatedwith commercial AC as a cathode and
thesplerical AC as an anode, and applied withsame current ratdsut a wider voltage
range (0.82.7 V) to exclude the capacity contribution gfterical AC to LTOACs and,
meanwhile to clarify the improvement of LTACs. Figure16a shows the impact dhfe
compositesd mor ph odroagagityretenttbn gt wtrhighsrates.yTGo n t h
AC #1 with the smallest fraction of the mesopoiegyre10c andFigure 13d) performs
relatively poorly even at the lowest shown rate of 20C and at 50C oerhigles its
capacity drops to the level close to that of a pure RiGufel16a). Similarly sized LTO

AC #2 with a larger (but still relatively small) content of30 nm mesopores performs
significantly better and retains up to 50% of its capaditii@200C rate. LTEAC #3 with

the largest (althoughitmoderate Figure10c) content of broadly distributed mesopores
(Figure13d) and the smallest average particle skzigure12g) showed remarkable rate
performance characteristiasith specific gravimetric capacities as high as ~105 mA h g

at 350C (61 A g). Because the majority oflO nanoparticles are confined within the-0.5

4 nm electrically conductive carbon pores of approximately similar size in all three
composites Kigure 10c), the results suggest that the rateniting step in the
electrochemical reactionEquation3) is the transport of lithium ions, which is further

supported by electrochemical impedance spectroscopyrigtagl7).
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For practical applications (when one needsniximize the energy storage in a
given device), it is very important to achieve high volumetric capacities-@838A h cc
! could also be achieved in LFAC #3 at 350€20C ratesKigure15). These are up to 12
times higher than those of the empty AC spheres when tested in identical configurations
(3-15 mA h cct at comparable rates), thus providing dramatic improvements ovep$tate

the-art supercapacitor technolagy
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Figure 18. Electrochemical characterization of AC//LTO-AC #3 cells: (a) voltage

capacity profiles; (b) voltagetime profiles; (c) capacity retention over 1000 cycles at
the rates of 1C and 100C

In contrast to flat slopes the galvanostatic chargeischarge voltagerofiles of
EDLCs AC//AC full cells, Figure 19), the voltage profiles ofAC//LTO-AC #3 cells
exhibit a characteristic plateaFigure 183). This is expected because the ion storage
characteristics of the LT®@C #3 electrode are dominated by the high capacity LTO
nanopatrticles. The rate performance of the LTO nanoparticles embeddedAGtE® is
quite remarkable, and even when current densities are increased to very high values (150

350C) polarization(Figure 18a, b) remairs small. Figure 18b also demonstrates
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characteristic charge awlischarge times at selected rates. It can be seea thathighest
current (350C), the LT@\C #3 full cell can deliver 100 mh cc! in ~ 6 s, which is
comparable with that of the similarly built AC//AC cell in the same electrofitri(e19).

The cycle stability tests conducted on AC/L-ACs full cells (asymmetric
electrochemical capacitor configuration) showed minimal capacity loss for over 1000
cycles at the ras of 1C and 100CK{gure 18c), which is important for commercial

applications.
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Figure 19. Voltage profiles of AC//AC full cells. Voltagerange is 0.52.7 V.

Comparison with the highesate LTO electrodes reported in open literature,

including carborcoated LTCO? rutile-TiO2-coated LTCG* hierarchically porous LT3

LTO hollow sphere® and hydrogenated LT@anowire array§ shows a clearate
performance advantage of the approach describedFigte€16b) - the discharge rate of
LTO-AC #3 is nearly an order of magnitude faster than that of thenaeestructured LTO
electrodes reported so far. In fact, previous work on LTO seldom involves a performance
study at the rates higher than 50C. In order to compare the results with some of the very
promising recently reported supercapacitor materials, sisciNiMoQ, nanosheet?)

hierarchical MNMo@Q/CoMoQs nanowires* MoS; nanosheet®t i t ani um c&%r bi de
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and CoMoQ-graphené/ their rateperformance curves were presentFigure 16c. It

should be clear, however, that the comparison with the-gtdtee art given in these two
panels Figure16b and c) should be considered only qualitatively because many of such
cells were constructed differently, using slightly different electrolytes and cell potential
ranges. However, attractive capacity and rate performance characteristics-8iQ_#Q
materals are clearly visible and emphasize a great promise of the proposed approach to
embed nanoparticles of intercalatitype materials (such as LTO) into microporous

carbons for higkenergy and higipower asymmetric supercapacitor applications.

In contrastto prior work, LTOACs described here contain the smallest ()
and uniformly distributed.TO in a conductiveporous carbommatrix, preventing the
aggregation of these nanocrystalfhe nanoporousmesoporousstructure of the
composites allows for thsignificantly fasterion diffusion and charge transfahus
manifesting superior rate capacities at all curdemtsitiesand particularly at high rates (>
50C). Future work on the use of other porous carbons and optimizing the composite
microstructure, dnsity, and composition is expected to further enhance their performance.
In addition to LTO, this innovative approach may be adjusted for use with other alkaline
ion (Li, Na, K, etc) intercalatioatype active materials, thus offering multiple avenues for
the formation of higkpower energy storage devices to satisfy the rapidly growing

industrial demands.

3.4 Conclusions

In summary, arefficient approach to prepare nanoporous carbons with LTO

nanocrystals embedded into the carbon pores without inducing aniicsigt pore
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blockage has been demonstrated. XRD studies confirmed thedy$tal structureSEM

and TEManalyseslemonstrated that no LTO nanopatrticles are present on the outer surface
of the electrically conductive porous carbon particles. TEM studiesmbination with

EDS line scans further showed very uniform distribution of LTO within the porous carbon
particles, which is quite remarkable considering the simplicity of this approach. Using a
hybrid full-cell system with activated carbon counter &lmes allowed us to objectively
characterize the real rate performance of LAO powder samples. Such studies revealed

a major impact of the porosity of such composites on their rate performance characteristics,
and further suggested that carbon poresesgfully provided rapid access of electrons
directly to the electrochemical reaction sites within individual LTO nanopatrticles, making
ionic transport a ratBmiting step for this system and allowing optimization of the pore
size distribution for the desd energypower balance. The best composite samples with
only a modest content of broadly distributed mesopor&és0(5hm) showed charge
discharge ratesomparablego that of the pure AC double layer capacitor electrodes of
comparable areal capacity loadj while offering significantly higher rate capability. More
specifically, in comparison with pure AC, the produced EAOs showed 12 times higher
gravimetric capacity and 12 times higher volumetric capacity. Therefore, the proposed use
of intercalationtype active material nanocrystals embedded into the nanoporous carbon
pores shows great promises for use in asymmetric hybrid capacitors witipdvigin

density and higtenergy density characteristics.
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CHAPTER 4. FROM LITHIUM TITANAT E TO OTHER METAL

OXIDES

4.1 Introducti on

Inspired bythe LTO-AC work in Chapter 31 was interestedo examine if this
synthetic method fits for a broader scale of metal oxmesus carbon nanocomposites
which enable ultrdnigh charge/discharge rates. Asimilar electrode material to LTQ i
terms of both chemical and electrochemical properties, Ti&® attracted enormous
interest in the past decades, owing to its abundance, low cost, environmental compatibility
and safetyetc exceeding those of LTAIO; also delivers higher specific cagpty than

LTO.

TiO2 exhibits a flat lihiation potential plateau at a little highesltagethanLTO,
~175 V vs Li/lLi*. Howev e r di fferemteroonw ot mene imdamg
(de)lithiation of LTO, TiQ has less than 4% volume expansion, which is also small enough
for maintaining a robust crystal structure. On the other hand; Stu€ers from poor
electronic conductivity and lithium ion diffusivity, resulting in poor cyclability and-rate
capability at Igh current ratesResearchers have reported nanostructured; TifO
combination with highly conductive materials, such as carbon nanotube (CNT) and
graphene, to improve both ionic and electronic conductivities. However, in most cases, the
very close packig of nanosized Ti@leads to severe agglomeration and leaves very limited
access of the interior particles to the electrolyte. In addition, nanostructuredsTaSo

time and cost consuming process.
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4.2 Experimental Methods

The synthesis ofiO2>-ACs is similar but not identical to LTEACs. Specifically,
250 mg colorlessitanium(lV) butoxide (reagent grade, 97%, Sigildrich, USA) was
directly added dropwise td00 mg spherical nanoporous activated carbon (ACan
argonfilled glovebox Vacuum was appdid during the interval of evetyo additiors. The
precursotAC composites were thepreheaed in air at 300°C for 1 h, followed by
hydrolysis of Ti precursors in hydrothermal condition & %2for 6 h, yieldingimmature
TiO2crystal structureFinally, the asprepared composites were calcine8@2°C in argon

atmosphere for 10 h to crystalizeO.

Materials Characterizationand ElectrochemicalMeasurementsre identical to

Chapter 3.

4.3 Results and Discussion

Following the synthetic method of LT®@C, the synthesis of Ti® activated
carbon nanocomposites (T#AC) has been studied similarhhowever, thein-situ
formation of crystalline Ti@ provedto be different Initially, the same experimental
methodadopted irLTO-AC synthesis was usddnfiltration of Ti precursors followed by
pre-heat in air and higitemperature annealing. Interestingbnly amorphous phase of
decomposed precursor in Alas detectedin result, bw temperature (< 608C) solid
calcination failed to crystalize Ti#Q while at hidn temperature (> 600C) Ti(0) was
yielded indicating the reduction of amorphous Ti(Iey ACs Different from LTO, the
precursor decomposition, TiOlormation and crystallizagan demandd a hydrolysis

processNote thatoxidizing Ti(IV) butoxide in air poducel crystalline TiQ. Therefore,
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the nanoconfinement by nanoporous Al€arly played a significant role affecting this
synthesisCarbon mnopores may possibtonstraint the accessibility of Ti precursor to
the moistureneeded for the formation of T¥OTherefore, given this obstacle,orderto
activate the hydrolysis of Ti@ precursor, hydrothermal treatmewas introduced in
combination with solid state syntheshfter amorphous phase in A®as formed, the
powderwas placed in an autoclave filldd/ DI water only, and hydrothermal conditions

were appliedor 6 h

(@) ['200°C

Intensity (au.)

30 40 50 60
20/degress (Cu ko)

Figure 20. (a) XRD patterns of the precursor powder treated at different
temperatures in hydrothermal reaction; SEM images of the powders after (b) 20T,
(c) 150°C, and (d) 120°C treatment.

As shown in thérigure 20, crystalline TiQ was successfullproducedat 120°C,
150°C and 200C. The crystalline structure becomaere ordereds temperature grows,
primarily due to the increasing mobility of seamorphous Ti@and the largalifference
in the surface energy betweearbon AC pores)and TtO compounds. Right after the

hydrothermal treatment at 12Q, the compositevas annealedn argon(Ar) at 800°C,

47



yielding pure phase anatase 7iBigure21b). TGA (Figure21a) data reveed that the
ratio of TiG; to ACwas 1:1 by weight. Microscopic characterization can be fonfigure
19. Similar to the LTO composites in Chapter 3, the morphology of-A® composites
wasas uniform as fresh ACs.dk dots in the TEM image and EDX line scan clearly

demonstratéthe uniform distribution of Ti@nanoparticles within porous carbon spheres.
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Figure 21. (a) TGA curve of LTO-ACs at 10°C min-tin air; (b) XRD patterns of the
annealed TiG-AC composite.
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Figure 22. SEM and TEM images of assynthesized empty AC andTiO2-AC

composite (a, b) empty AC; (d, e) TiO2-AC; STEM image (¢ and EDS line scan
results (f) of TiO2-AC nanocompositesshowing uniform distribution of TiO2 within

a sphere
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Electrochemical characterization dhe TiG-AC composite in a fuicell
configuration (coin cellyeveaéd excellentrate performance andood stability (Figure
23), 75mA h g' at the current rate of 300C (1C= 167.5 mA with near 100% capacity
retention after 500 chargi#ischarge cycles. This result outperforms most of the previously

reportsto my knowledge.
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Figure 23. Electrochemical characterization of AC// TiO2-AC cells: (a) ecific
gravimetric performancesand (b) voltagecapacity profilesat different current rates;
(c) capacity retention over ~ 50@ycles atthe rate of 1C.

4.4 Conclusions
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So far, the strategy of infiltrating LTO and Ti{dto porous carbon has been proven
to be an effective approach to improve both electronic and ionic conduciigitionally,
NiO, MnO and CrO werealso nanoconfined in thearbon pores using Mn(ll) acetais
shown in Figure 24, Ni(ll) acetate, tetrahydrate and Cu@xH>O as precursors,
respectively.In most cases, at least one orgaetallic compound can be found that is
either in liquid state at room temperature or highly soluble in organic solvents and that
could be converted into specific metal oxid&sseries of precursor infiltration, pteeat
decomposition in air, hydrothermalondition, hightemperature annealing could be
developed into auccessfumethodology for a variety of metal oxides. AC substrate with
tunablesurface propertiesayhave a significant impact on the infiltration proceditee
chemical properties of theatal oxidesare alsccritical to this process considering their
compatibility with carbon. Some transitional metal oxittes could catalyze the oxidation
of carbongsuch as Fe, Co, Ni, Mn, Catc) may only beproducedat their low oxidation

states bysucha strategy
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Figure 24. XRD and SEM of nanoconfined CuO (a, d), MnO (b, e), and NiO (c, f).
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CHAPTER 5. IRON (IIl) FLUORIDE NANOCONFINED IN
CARBON NANOFIBERS AS FREE-STANDING CATHODES FOR

HIGH -ENERGY LITHIUM BATTERIES

Reproduced fromhdvanced Functional Materials, 2018 1801711, AWw.
Zhao, Z. Sun, X. Ren, A. Magasinski, G. YusHimon Fluoride-Carbon Nanocomposite
Nanofibers as Fre&tanding Cathodes for Higlnergy Lithium BatteriesCopyright
(2018), with permission from WILE-VCH Verlag GmbH & Co. KGaA, Weinheim. (See

Appendix A for the permission letter)

The development of lowost, highenergy cathodes from ndaoxic, broadly
available resources is a big challenge for the -gexeration rechargeable lithium or
lithium-ion batteries. As a promising alternative to traditional intercaléiype
chemistries, conversietype metal fluorides offer much higher theoretical capacity and
energy density than conventional cathodes. Unfortunately, these still suffer from
irreversible gructural degradation and rapid capacity fading upon cycling. To address these
challengesthis chapteharnesssa versatile and effective strategy for the development of
metal fluoridecarbon (C) nanocomposite nanofibers as flexible -$taading cathoes.

By taking iron trifluoride (Fef) as a successful exampéssembled FeFC/Li cells with

a high reversible FeFcapacity of 550 mAh ¢at 100 mA ¢ (3 times that of traditional
cathodes, such ashitm cobalt oxide (LCO), lithium nickel cobalt alimam oxide (NCA)
and lithium nickel cobalt manganese oxi®&CM)) and excellent stability (400+ cycles
with little-to-no degradationpre demonstratedrhe promising characteristics could be

attributed to the nanoconfinement of E@&noparticles, which mimizes the segregation
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of Fe and LiF upon cyclinghe robustness of the electrically conduetC network and
the prevention of undesirable reactions between the active material and liquid electrolyte

using the composite design and electrobgkectiorm?

5.1 Introduction

Beyond the intercalation chemistry, conversigpe cathodes have recently
attracted significant attentiod.Featuring high theoretical capacity675 mAh ¢; 1935
mAh cc?h), low cost and abundance in the Earth crust, sulfur (S) has been extensively
studied in LiS battery systenf8®2 However, several issues are still facing S cathodes,
such as low potential versus Lifland the dissolution ohtemediate lithium polysulfies
in electrolyte?*%® Metal fluorides €.g. FeR, Fek, NiF, etc) hold great promise for
cathode applications due to their high energy anddost®”’° Fe, in particular, is well
known as the fourth most abundant element in the Earth crust arftetgest metal in the
market. The high theoretical capacity of FEFAL.2 mAh g' and 2196 mAh cégravimetric
and volumetric capacities, respectively) and higher theoretical potential than S make this
material particularly promising.’? Unfortunately, met metal fluorides (including FeF
and LiF, the product of the conversion reaction: 8EeRY 3 L+iF&) are reported to
exhibit very poor electric conductivity because of the high ionic strength of the-metal
fluoride bond and the resulting large bayagh/>’* The large interfacial energy of the metal
(e.g., Fe)/LiF interface encages the growth of large metal ahtF clusters during
cycling, which increases the mass transport resistance. The unfavorable interactions
between this cathode and elecjteladditionally increase the cell resistance and contribute
to Fe dissolution and degradation, thus leading to low rate capability along with irreversible

structural changes and rapid capacity fading upon cygfirfg.

52



To overcome these issues, sevetedtsgies have been recently proposed. For
instance, Mat al developed a conductive polymer coating on microporous®ah situ
polymerization and achieved an enhanced capacity of 210 mAh @ current density of
20 mA g*and 120 mAh g at 1 A g*.”®Reddyet al synthesized nanoscale ReFystallites
clamped in graphite matrix and obtained a specific capacity of up to 418 Hatg °C
after 25 cycleg/ Recently, our group infiltrated Fefnto porous activated carbdo
produce Fel-C compaite cathodes, which can realize 90% of its theoretical capacity at a
slow C/20 rate with 80% capacity retention at 150 mAafter 200 cycle§® Although
these strategies enhanced the electrochemical performance to some extent, further
substantial progss in the development of stable Ea@Rd other metal fluoride cathodes is
urgently needed. In addition, there is a growing need to develop flexible battery electrodes

for wearable eletronics and other applicatioff&°

Herein,this chaptedemonstratethat Li-FeRs batteries with long cycle life can be
produced by utilizing nanocomposite kafarbon nanofiber (NF) cathode. The conductive
NF network not only effectivelynanaonfines the fluoride nanoparticles within an
electrically conductive matrix prewting their irreversible aggregation and separation, but
also protects them from structural damages, provides ultrafast pathways for ion diffusion
and electron transport and minimizes undesirable reactions with liquid electrolyte. As a
result,this workachieved a high reversible capadaityover 500 mAh g with almost 100%
capacity retention for 400+ cyclesjbstantially exceeding performancdlod state of the
art. Other metal fluorides may be similarly integrated into such flexible;dtaeding

electrode using the proposed methodology.

5.2 Experimental Methods
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Efforts have been made to infiltrate Fe precursors in carbon pores, similar to
Chapter 3 and 4. Actually, Feffarticles were successfully infiltrated using methanol as
the solvent. However, after the galsase fluorination with Nf~at 300°C, Fek was
diffused outside pores. This may due to the weak bonding between activated carbon surface
and metal halides. Thefiore, to freeze the movement of Eeprecursor, onstep

electrospinning followed by carbonization was proposed.

5.2.1 Fabrication of FreeStanding Cathodes

The FeR-C NFs are fabricated by a combination of electrospinning,
carbonization/reduction and fluorimah procedures. First, 1.5 g ferric acetylacetonate
(Fe(acag), Alfa Aesar USA) was dissolved into 11.5 g N-tNmethylformamide (DMF,
Sigma Aldrich USA) by magnetic stirring for 30 min to form a homogeneous solution.
Then 1 g polyacrylonitrile (PAN, M= 150 000, Sigma Aldrich) was added into the
solution and stirred at 50 °C for 12 h to form a gel precursor solution. The electrospinning
was conducted using a syringe loaded with a needle and 3 mipoé@ared solution at
20 kV for 3 h. A piece of aluminum foil (15 cm x 15 cm) was used as the collector and the
distance between the needle tip and aluminum collector was 20 cm. After electrospinning,
the obtained precursor membrane was peeled off, cut intowdigca diameter of & mm
and then stabilized in air at 220 for 1 h. After that, the samples weeglworizedin argon
(Airgas USA) at 600 °C for 2 h and reducedhgdrogen (4% hydrogen in argon, Airgas)
gas to form F&C NFs. Finally, the F€ NFs were treated with Ni§as(2% NFsin helium,

Linde Electronics & Specialty GasddSA) at 300 °C for 2h to obtain FekC NFs. After
fabrication, the samples were immediately transferred into in a glove box filled with argon

gas at room temperature for futwse.
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5.2.2 Material Characerization

Thecrystal structurand chemical composition of prepared samples were identified
byX-r ay diffraction (XR8Y) Xopartw EROKUAIK plaa
andX-ray photoelectron spectrometer (XHBermo kAlpha XPS,). Themicrostucture
was examinedising €anning electron microscopy (SEM, Hitachi SU8010, Japan) and
transmission electron microscopy (TEM, FEI Tecnai G2 F30, Netherlands). Energy
dispersive Xray spectroscopy (EDS) was performed using Tecnhai G2 F30.
Ther mogr aan anlet 6 &) was cuducted on Q600 T
| nstr umenthe, BUREANmE®d! | er ( BET) anal ysi s wa
Tri Star 11 3020 surface area and porosity

USA)
5.2.3 Electrochemical Measurements

Cointype cells (2032ype) were assembled using@epared Fef~C NFs as a
free-standing, additivdree cathode, lithium metal as counter and reference electrodes and
a piece of polypropylene membrane (249pe, Celgard USA) as a separatoLithium
bis(fluorosulfonyl)imide (LiFS] Nippon Shokubai, Jappnwas dissolved into
dimethoxyethane (DMESigma Aldrich to yield 4.6 M electrolyte.All the assembly
process was carried out in a glove box filled with argon gas at room temperature. The
electrochemida performance was characterized using cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS) and galvanostatic -clisthjarge tests.

The CV and EIS were performed on a Gamry Potentiostat (Gamry Instruments, USA).
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Galvanostatic chargdischarge was conducted using an Arbystem (Arbin Instruments,

USA).
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Figure 25. (a) Schematic fabrication of freestanding FeR-C NF cathodes, which
involves electrospinning precursor nanofibers, carbonization/reduction and
fluorin ation processes; (b) a schematic comparison of conventional cathodes émd
flexible, free-standing cathodes, the later providing more robust pathways for
electron transport and faster pathways for ion transport

5.3 Results and Discussion

Figure25aillustratesthis methodology for the formation of flexible, freanding
nanocomposite nanofiber (NF) based cathodes. In brief, a ferric acetylacetonate
(Fe(acag)-polyacrylonitrile (PAN) solution was electrospun onto aluminum foil collector
producing a nanofiber membrane, which was peeled off and cut into discs for further

treatments and subsequent electrochemical testing in cells. The nanofiber membrane
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samples wre carbonized in argon (Ar) at 600 °C for 2 hours and then the Fe precursor was
reduced in hydrogen @fat 500 °C for 1 hour to form K& nanocomposite NFs. After the
subsequent treatment widiilutedNFs gas at 300 °C for 2 hours, the-EeNFswerefinally
converted into Fef<C nanocomposite NFs.

Conventional FefelectrodesKigure 25b) are historically prepared by coating a
slurry comprising active materials (octeve materials balmilled with carbon or oxide
materials to form composites), polymer binder and conductive additives onto a current
collector. The low conductivity of fluorides in combination with the insulating nature of a
binder and volume changes inhe active material typically lead to an
electrical/electrochemical separation of active material during cycling. In addition, the
relatively large size of the active particles, relatively small pores within the electrode and
high pore tortuosity in combation with electrolyte decomposition (with the subsequent
formation of the insulative and blocking solid electrolyte interphase, SEI) commonly
increase electrolyte diffusion time within the electrode arfddlffusion time within the
particles and leads tondesirable risef the cell resistance. Furthermore, conventional
electrodexannot be flexed to a low bending radius without being fracturedontrast,
the NF shape of FeFC nanocompositenaterials allows for sufficient material flexibility
in the NF-based electrodes, the conductive C in the NFs allows for rapid access to electrons,
and the small NF diameter allows for rapid transport to/from electrochemical reaction
sites Figure25b). Furthermore, the confinement of kelnoparticles within NF prevents
their irreversible clustering and segregation of Fe and LiF, which otherwise lead to rapid
cell resistance increasehd@ lack of any binders and additives and relatively large porosity

within the freestanding electrode structure contribute to faster electrolyte diffusion at the
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electrode level, while the electrically conductive nature of the interconnecting
nanocompositeNFs not only enhanesethe electrode conductivity, but also provides

excellent mechanical stability needed for ldegn cycling performance.
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Figure 26. (a) XRD patterns of asprepared Fe-C NFs and Fek-C NFs; (b) photos of

the dectrospun membrane discs (orange) and the eventually obtained Fe€ (inset

of b, black); (c, d) SEM and (e, f) TEM micrographs of the FeiC NF s ; (g j) E
element maps of the Fef=C NF from the selected area

Figure26illustrates structural and morphological features of the prodEe&dC
NF samples. Xay diffraction (XRD) patterns of gzrepared R NFs revealed successful
decomposition of the Fe(acat)asedorecursor and its transformation to cubic Fe (JCPDS
card no. 851410) after carbonization and reductidiigure26a). During fluorination, the

NFs gas reacts with mallic Fe nanoparticles and evidently converts them into anhydrous,
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rhombohedral FeHJCPDS card no. 33647)within FeR-C NFs fFigure26a). Ther e 6 s
an unknown peakt 29, which disappears in repeat testihigte that the gas fluorination
process did not damage the conductive carbon struckhee.chemical composition of
FeR-C NFs was additionally confirmed B§+ray photoelectron spectroscopy (XPS). The
surveyspectrum Figure 27) indicates that the Fefc NFs consists of C, N, F and Fe

elements and among them the C and N are mainly from-thepRd C derived from PAN.
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Figure 27. XPS survey spectrum of the Fe$~C NF 600.
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Figure 28. High-resolution XPS spectra of Fep (a) and Cis(b) for the FeFRs-C NF 600.

The highresolution spectra of Fe 2p and C Eg(re28) reveal the F& species

and FeF bond in the Fefand a strongraphitic C-C bond at (284.7 eV) in the carbon NFs.
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Three peaks at 285.8, 286.6 and 28%aW be assigned to*fype carbon, € (or GN)

and GC=0 groups, respectivefy®? Besides, the C 1s scans indicate very low fraction of
C-F bonds at 291.2 e\F{gure28). The digital optical images of the NF membraRig(re

25b) demonstrate th#teblack Fek-C NF membranes keep the shape but exhibit a smaller
diameter (~8.5nm) comparedvith theorange membrane precurgel6 mm) The black

color of the Fek-C is consistent with a very small fluorination of carbon (note that carbon
monofluoride, Ck is white). To detail their microstructure further, scanning electron
microscopy (SEM) anttansmission electron microscopy (TEM) analysese conducted.

The Fek-C composite samples are composed of many-ldirg NFs with a diameter of
300 5 ORgure2ec, d) and these NFs interconnect with each other to foam porous,
free-standing membranes. From the cresstion SEM micrographs (insetkigure26c),

the typical thickness of the produced fistanding electrodeas estimated to be ~4n.

It should be noted that the thickness can be easily controlled by adjusting the
electospinning time and spinning conditions. TIREs have a rough surface with some
small Fek nanoparticles visible, presumably due to the substantial shrinkage of the PAN
precursor during carbonizatioAs expected, pure carbon NFs prepared using the same

mehod without Fe precursors show a very smooth surfaigeiie29).
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Figure 30. EDS linear scan for the Feb-C NF. (a) STEM image and (b) obtained
spectrafor C, F and Fe.
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size distribution (b) of the Fek-C NFs. The calculated surface area is ~ 2622y,
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TEM and scanning TEM (STEM) micrographsidure 26e, f) clearly show that
these Febknanoparticles exhibit an average si ze
distributed within the bulk of the NFs and confirgdcarbon matrix to form uniform one
dimensional nanocomposite structures. The “negolution TEM micrograph shows an
interplanar spacing of ~0.27 nm corresponding to the (104) plane of crystallin@iseE
in Figure 26f). In addition,energy dispersive spectroscopy (EDS) element maps of C, F
and Fe explicitlyindicatethe homogeneity of each component in the NFgure26g | ) ,
in agreement with the EDS spectra from a linear scan across theHigere(30). In
addition, nitrogeradsorption/desorption isotherms reveal that thef=RNFs have a high
surface area of 262°g* with pore dame t e r s o Figur@31)5whinhnecani§enefit

the electrolyte diffusion.
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Figure 32. Morphological characterization of prepared Fek-C NFs using different
carbonization temperatures (500, 600 and 700 °C); (a, d and g) SEM micrographs, (b,
e and h) TEM micrographs, ard (c, f and i) schematics, illustrating coarsening of the
FeFs nanoparticles at higher temperature
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Figure 33. TGA plots of the obtained Fek-C NF samples with different carbonization
temperatures, (a) 500 °C, (b) 600 °C and (c) 700 °C. The Fafan totally convert into
Fe2Os after TGA tests. Based on thée atomic mass, the amount ratios of Fekn the
samples (500, 600 and 700) are ~36%, 56% and 60%, respectively.

Figure 34. High-content Fels-C NFs. Themass ratio of the Fe(acagjPAN in their
precursor solution is 2:1.
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Figure 35. (a) Galvanostatic discharge/charge curves of the FefENF 600 electrode
r a’n(h)eoltagé

atacurrentdensityof 70mAgtwi t h a vol tage
profiles of the Fek-C NF 600 electrode at various currentl e n s

D; (c) rate capability of the FeR-C NF samples (500, 600, 700) in comparison with

ities

that of commercial Feks nanoparticles (ballmilled with C additives; at the same or
higher total C content in the electrode) at different current densities Tester

instrument error < 1%.

In the previous studiesof our group, the advantage of using lithium

bis(fluorosulfonyl)imide(LiFSI)-based electrolyte for the formation iof situ protection

for conversiortype cathodes has been demonstrate®® To

investigate

electrochemical performance of the produced samples, L#Eetointype cellswere

assembledby using agprepared FeC NFs as frestanding, additivéree cathodes, Li

metal as counter and reference electrodes4d@ll LiIFSI/DME as electrolytd=igure35a

shows thegalvanostatic dischargehargeprofiles of the Fef=C NF 600 electrode at a

1
(100
the
4

current density of 7O0mAdbwi t h a vol t age r an'yEwo pairsof

voltage plateaus are found at each dischahgege curve, which can be ascribed to the
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reversible conversion reactonbetween Fe¥Li* and Fe/LiF associated with
lithiation/delithiation proces¥:® matching well with the redox peaks in tlogclic
voltammogram (CV) curve@-igure 36). The first discharge curve shows a plateau at ~3
V, indicatingthatthe Fé* from FeR is gradually reduced to FeduringLi intercalation

(Li* + € +FeR Y LiFeRs). The second plateau at lower potential corresponds to the
conversion reaction (2Li+ 2e + LiFeRs Y 3LiF + Fe)® The lower and longer plateau
observed during the first discharge may be attributed to the ioidpotential often
observed in conversion reactidiis®*the lithiation of theslightly fluorinated carbon and

the formation ofcathode solid electrolyte interphase (CEpte that the CEIl is rapidly
passivating and after 15 cycles, the electrodevshe stable reversible capacity-€580

mAh gt at 70 mA ¢ with a coulombic efficiency (CE) &9.6%(Figure37).

0.4
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'0.4' —1st
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-0.6 3
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10 15 20 25 30 35 40
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Figure 36. CV curves ofthe FeR-C NF 600 electrode at a scan rate of 0.5 m\Asvith
a voltage range Hof 1 4.2 V (vs. LillLi
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Figure 37. Charge/discharge capacity and coulombic efficiency (CE) of the Fefc
NF 600 electrodeTester instrument error < 1%.

Rate capabilitywasevalatd at di fferent cur ripafter densi
15 precycles. The voltage profiles different ratesKigure35b) demonstrate similar loops
with typical redox plateaus, suggesting good reversibility and favorable rate capability. A
comparison of rate performance for different f-electrodes is presentedkigure35c. It
is found the FetC NF 600 electrodexhibits the best performance. A specific discharge
capacity of 550mAh glis achieved at 100 mA’g much better than the FeE NF 500
(~380 mAhg?), FeFs-C NF 700(~440 mAh @), commercial Fef (280 mAh ¢ and
conventional cathodes such as LiGq&150 mAh g8 and LiMneO4s(1 20 140 mA h
1) 8889 Although the capacity gradually decreases as the current density increases from 100
to 1000 mAg?, the Fek-C NF electrodes demonstrate excellent rate capability with high
capacity retentions. Particularly, a high retention of 5228%-nmAh g?) is achieved (at
1000 mA ¢') for the FeB-C NF 600 electrode, in contrast to only 27% for commercial
FeR. More notablythe FeF electrode (FefNF 600) maintaing high capacity oves10
mAh g after 190 cycles of the rate test, along with a high averagef @gpooximately

100 % Figure37).
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Figure 38. (a) Cycling performance of the cell based on frestanding FeFs-C NFs and

commercial FeR at a current density of 100 mA ¢; (b) a comparison of capacity and
stability for various materials and previous prior-art studies; (c) voltage profiles of

the FeR-C NF 600 at 100 mA d for different discharge/charge cycles, showing
reduction in the voltage hysteresis (overpotential Tester instrument error < 1%.

Long-term cycling performance of the samples was evaluated at antutensity
of 100 mA ¢! after ratecapaility tests. Figure 38a compares the cycling stability of
different electrodes. All the Fefc NF electrodeshow better stality compare to
commercial Fef Particularly, the FeFC NF 600 electrode achieves an impressive
reversible capacity over 520 mAHt gfter 400 cycles, without any visible capacity decay.
In contrast, the commercial Fefample possesses only 190 mAhwgth a retention of
68% of its initial value (the capacity of ®@ycle).Figure380 summarizesheresults and
recent stat®f-the-art studies on metal fluorides, including B€¥ ®FeR,’” #and Cok."*
As expectedihe free-standing electrodes (particularly ReE NF 600) stand out with

unprecederdly highcapacity andgtability, while the priostudies could not surmount the
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limitations of low specific capacity and repaid capacity fading. For instance, the FeF
nanowire cathode showed a high discharge capacityifrd¥h g* but retained only 223

mAh g after 50 cycle€? In addition,the electrodes can deliver a high average CE of
99.8% for 400 stable cycles. Voltage profiles at different cycles are preseriagliie

38c and show similar shape with gradual decreasing hysteresis, which is indicative of
reduced cell resistandayvoring thecell stability.Besides, the Li/FefC cells may exhibit

a very high specific enerdfigure39).%°
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Figure 39. Discharge energy of the Fef=C NF 600 electrode, as defined by multiplying
the FeFs specific capacity by an averageoltage against Li/Li*. Note that energy of
the FeFs/Li cell calculating unit (comprising 0.5 of the cathode current collector, one
side of the cathode filled with electrolyte, separator filled with electrolyte, one side of
the anode filled with electrolyte, 0.5 of the anode current collector) is different and
substantially smaller. Tester instrument error < 1%.

70



a
800+
600+
_g = Fresh
2 400 — Fresh-fitting
Y « Atfter 20 cycles
! 2001 — After 20 cycles-fitting
a After 50 cycles
— After 50 cycles-fitting

0 300 600 900 1200 1500
Z' (ohm)

Figure 40. (a) Nyquist plots of the Fek-C NF 600 electrode after different cycles:
fresh, after 20 and 50 cycles; (b) SEM and (c and d) TEMnages of the Fek-C NF
600 electrode surface after 50 cycles.

CPE-1 CPE-2
R,(Q) R4
Fresh 3.1 189
R After 20 cycles 2.2 82
s After 50 cycles 2.4 38
RCt Zw

Figure 41. The fitted equivalent circuit and corresponding R and Rt valutes for the
Nyquist plots.

Additional insights into the ion diffusion and charge transieetkcs during cycling

were assessed by electrochemical impedance spectrofek&®)yRigure 40a shows the
obtained Nyquist plots of the FeE NF 600 electrode befosnd after 20 and 50 cycles

(at100 mA gh), which can be fitted with an equivalent circuit (detaile@igure41). The
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change of bulk series resistance)(f®mainssmall even after 50 cycles. The serntcle
associated with chargeansfer resistance {R gradually decreases as cycle number
increases, demonstrating gradually enhancing ion diffusion and charge transfer, which was
linked to the use of favorable eledliyte with good ionic conductivity<5.7 mS crit) and

the formation of conductive CEI/SEI on both electrotfe¥°! The CEI passivation film

can serves as a good'lgpermeable layer and the possible formation of some small cracks
within the NFs (whichshould be sealetly the seHpassivating CEl) may enhance’Li
transport to electrochemically reactive sitesthe bulk of the NFsTo further reveal
morphological changes during cycling, posbrtem SEM Figure40b) and TEM Figure

40c, d) analyses were conducted after 50 cycles. Such studies reveled excellent mechanical
integrityof the Fek-C electrodes after cycling, which retained theirfs&nding structure.

The long nanocomposite NFs did not show any significant structural changes except for a
thin-layer CEI coating (with a thickness of 2D nm) on the NF cathod€&igure40d), as
observed in our previous studies and involwesitu polymerization of LiIFSKF) radicals

to form a passivation layer on the cath8these analysdarther suggest a great potential

of the reported approach for applications of conversype Fek and other metal fluoride
cathodes in nexgeneration higheenergy Li or Liion batteries, including those for

wearable electronics.

5.4 Conclusions

In concluson, advancedithium-metal fluoride batteries with high energy and long
life has been realized by forming flexible, freanding cathodes comprising
nanocomposite FeFC nanofibers, where Fefanoparticleshana@onfined within the

conductive C matrix ar@roduced by selective fluorination of Fe nanoparticles using
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thermal treatment in a NFgas. Compared with conventionally prepared electrodes, the
free-standing FekC NFs demonstrate excellent capacity utilization and electrochemical
stability with spedic capacity over 500 mAh-feven after 400 cyclesyhich is largely
improved compared witpreviously reported results. Paabrtem analysis revealed that
promising performance characteristics could be attributed to the unique electrode structure
which @an effectively protect the Fefanoparticles from undesirable coarsening and
segregation, while providing fast ion/electron pathways. Replacement of toxic, rare and
expensive Co in conventional battery electrodes (LCO, NCM, NCA) by extremely cheap,
abundat and much environmentally friendlier Fe in Eé&-particularly important for EV
battery and grid storage applications, while the high specific cathode capacity (and thus
light cathode weight) of Fekn combination with Feff C NF electrode flexibility my be
attractive for energy storage applications in wearable electronics or conformable batteries.
Other metal fluorides may be similarly integrated into such flexible,dtaeding electrode

and nanoconfined within carbon using the proposed method@agilar methodology of
nanoconfinement FeFand other metal fluorides in carbon is also applicable for the

formation of regular particles and sluipgased electrodes.
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CHAPTER 6. STABILIZATION OF IRO N (lll) FLUORIDE VIA

SHELL CONFINEMENT

Reproduced fromAdvanced Erergy Materials, 2018 1800721, E. Zhao, O.
Borodin, X. Gao, D. Lei, Y. Xiao, X. Ren, W. Fu, A. Magasinski, K. Turcheniuk, G.
Yushin, Lithium-lron (Ill) Fluoride Battery with Double Surface Protectio@opyright
(2018), with permission from WILEX/CH VerlagGmbH & Co. KGaA, Weinheim. (See

Appendix A for the permission letter)

Lithium-metal fluoride batteries promise significantly higher energy density than
the stateof-the-art lithiumion batteries and lithiursulfur batteries. Unfortunately,
commercializathn of metal fluoride cathodes is prevented by their high resistance,
irreversible structural change, and rapid degradatibis Study demonstrates substantial
boost in metal fluoride (MF) cathode stability 8gsignng nanostructurevith two layers
of praective shell confinement one depositecexsitu and the otherin-situ. Such
methodology achieves over 90% capacity retengtiar 300 chargedischargecycles
producing the first report on Fefls a cathode material, wheaevery high capacity
utilization in combination with excellent stability is approaching to the level needed for
practical applications of FeFThe CEI containing lithium oxalate andfBbond containing
anions is found a effectively protect the cathode material from direct conteith
electrolytes, thus greatly suppressing the dissolution of Fe. Mechanism study reveals that
CEl is formed due to chemical and electrochemical decompositions. As atreswiork

not only demonstrates unprecedented performances, but also provideadies with a
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better fundamental understanding of electrochemical behavior of MF cathodes and the

positive impact observed with the application of a LiBoB salt in the electrolyte

6.1 Introduction

FeR is considered one of the most attractive due to thedost and toxicity,
abundance of Fe, the highest specific capacity of 712 mAdnd high average potential
of ~2.74 V?? offering an exceptionally high celtvel theoretical energy density in excess
of 1500 W h L (on a repeat unit basis) and dellel specific energy in excess of 800 W

h kg! (also on a repeainit basis)®

Unfortunately, commercialization of Feis still prevented by multiple challenges
One majomarrieris its notoriously poor electronic odluctivity, resulting from the large
band gap induced by strong ionicity of-Feand LiF bond.%*% Thus, large voltage
hysteresis during charghiischarge is typically observednother barrier is the rapid
degradatiortypically observediuring cycling, induced bthe significant volume change
during the conversion reaction and the consequent mechanical failures, as well as the
dissolution of Fef triggered by free protons produced from undesired electrolyte

decomposition or oxidatio??: 84

In order to addresthe two challengesbove recent endeavors have been devoted
tointrinsic structure manipulation, such as open framwork str&feanyddesign of various
nanostructures, including higimergy ball milling®® coating with polymerg® HF-based
aqueous solutiosynthesis® "ionic liquid assisted synthesiSpre-lithiation *2 pulse laser
depositior?® etc. But in spite of these efforts, the majority of previous works still showed

limited capacity and fast decay in less than 50 cyai@som temperaturén some cases,
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althoughFeR was only discharged to 2.0 V at the current rate of 20 rhAutilizing 1/3

of the total capacity and undergoing @heeaction, it still failed to show stable cyclability
after 30 cycles® ’® In general, the dissolutionsge of FeR has not been properly
addressed. To inhibit such detrimental reactions occurred at the interface of cathodes and
electrolytes, two strategies are commonly utilized. One involves the introduction of inert
surface coatingso prevent direct contd such ascarbon and metal oxide coatirfs.
However, the associated highly reductive atmospheres commonly required for chemical
vapor deposition (CVD) or carbonization of hydrocarbon and organometallic precursors at
elevated temperatures readily reduEess. Alternatively, effective design and selection

of electrolyte additives become more attractive due tmthiguformation of the conformal

Li* permeable cathode solid electrolyte interphase (EEPf The presence of this
passivation shell confement inhibits capacity loss during leteym cycling upon initial

cell chargedischarge. LiBoB as an electrolyte additive has been extensively studied for
intercalation cathode materials such as lithium manganese oxide (LMO), lithium nickel
manganese oxa(NMO), etc with high cutoff voltages due to the generation of a berate
rich stable passivating CEl on the surface of cati$#e.Dual saltdifluoro(oxalate)
borateand LiPF-based electrolytes also showed improved capacity retention compared
with single LiPFk-based electrolytes for cells with the-éxcesdayered oxide cathodes
However, the application of LiBoB for conversion materials still remains mostly unknown,
which inspired us to explore the impact of LiBoB on the degradation of conveetlurde

materials.

This researchrepors a holistic strategy to overcome the above limitations and

improve the electrochemical performances ofkk cells by a novel design of the FeF
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nanostructure (~20 nmgombined with a protective shelbnfinemen surrounding the
composite particles and careful electrolyte optimization. The rational architecture of
uniform Fek-multiwalled carbon nanotubéanocomposites(FeR-CNTs) provides
enhanced electronic conductivity and effectively accommodates the vokaasgon
during lithiation. This simple approach is applicable for the synthesis of a broad range of
MFs and does not require the use of hazardous starting materials, such as HF. The use of
uniform Al>Os coatings produced Iptasmaenhanced (PEtomic layer deposition (ALD)

at a low temperaturen combination with theCEl induced by lithium bis(oxalato)borate
(LiBoB) prevent the active material from undesirable direct contact with elecsohda

result, LiFeR cells cycled between-2.2 V (onee reaction) demonstrate remarkable
performance characteristics, showing capagitgver 150 mA h g at the current rate of

100 mA ¢! with a robust capacity retention of over 90% after 300 cy@estmortem
analyses provided insights on the mechanisms efsthbility improvements by LiBoB
additions to electrolyte. To my knowledge of published peeiewed publications, this is

the first report on Fefas a cathode material achieving 300 chatigeharge cycledVhen
compared with previously published wodn Fek, the asfabricated cells improve

electrochemical stability for up to 10 times.

6.2 Experimental Methods

6.2.1 Synthesis dfe-CNTs

First, 170 mgof MWCNTs (>90%,Research Nanomaterials, Inc., USA) and 150
mL of N-methyl2-pyrrolidone (NMP, anhydrous, 99.5%jgma Aldrich, USA) were

mixed together to form a slurry. After 1 h of sonication, the slurry was blended with 1.039
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g of Fe(NQ)2:9H20 (99.99%; SigmaAldrich, USA) and magnetically stirred for 1 h.

Then the slurry was refluxed in a 36fL threeneckedroundbottomed flask with
continuous magnetic stirring for another 1 h. Reflux temperature was maintained at 180 °C
by an oil bath. Next, the suspension was cooled down at room temperature, filtered (pore
size of 2.5 em; What ma mgqglfor@ snfe}. Afteradryidg ain8@ s h e d
°C overnight in a vacuum oven, the filtered solid composites were annealed under 4% H

in argon at 600 °C for 2 h.

6.2.2 Synthesi®f FeR-CNTs

The asprepared F&€NTs was contained in a metal crucible made of Inconel
(made n house), followed by placing the crucible in the middle of an Inconel tube (made
in-house) and flowing helium (Airgas, USA). After elevating the temperature té6C3a0
the rate of £C min?, the flowing gas was switched from helium to a mixture ge26f
NF3z balanced with helium (Linde Gas Electronics, USA). TheCIRT's was fluorinated

completely intoFeR-CNTs after 2 h at 30€C.

6.2.3 FeR-CNTs Electrode Fabrication

The active materiaHeR-CNTs) powders were mixed with carbon black (Superior
Graphite, U®\), and PVDF (Alfa Aesar, USA) in NMP with a ratio of 80:10:10 by weight,
stirred for 8 h then casted on an Al foil and dried in vacuum &66r 12 h. PEALD was
performedusingthe Cambridge Fiji Plasma ALD system (Ultratech, CAumina film
was coated on thé&eR-CNTs electrode usingrimethylaluminium (Al(CH)3) as a
precursor and oxygen plasratl120°C for 60 cyclesThe precursor pulse time was st

0.06 s.
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6.2.4 Materials Characterization

XRD patterns wereollectedusingC u  Kadliation at a voltage of 40 kV and a
current of 20mAon X 6 Per t  P-R(@ANAltipah Bhe Netherlands). SEM images
and EDS elemental mapping were acquired by Hitachi SU8010 (Japal)EMRmMages
were collected on a Tecnai F30 (FEI, The Netherlandgrmogravimetric analysis was
performed on a Pyris 1 TGAXPS was done using the ThermeMpha system (Thermo

Scientific, USA).NMR spectra were obtained using a Bruker AMX 400 (USA).

6.2.5 Electrochemical Measurements

Electrochemical characterizatisrascaried out usingype 2032 coin cells at room
temperature. Theathode wageR-CNTs electrode and thanode was purbthium foil
(99.9%, Alfa Aesar)separatethy a piece ofCelgard 250Celgard, USA) As discussed
above a variety of electrolytes wereuslied They all containe®.7 M solutein a mixed
solvent, ethyl carbonateropyl carbonateanddimethyl carbonatéeC: PC:DMC=1:1:3
in weight) LiPFs, LITFSI and LiBoB were used solely or hybrid as the sollite EIS and
cyclic voltammetry tests were carried out usingsamry Reference 600 potentiostat
(Gamry Instruments, Inc., USA). &l vanostati c char geefarnrded sc har i
with an Arbin BT-2043 (Arbininstruments, USA). All the specific capacityaaations

involved in this work are based on the mass okRekve material only

6.3 Results and Discussions
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Figure 42. Schematic illustration of the synthesis of Fe;CNT nanocomposites: (1)
iron nanoparticle deposition on MWCNT; (2) fluorination of Fe-CNT; (3) ALD
coating of FeR-CNT.

The synthetic protocol for FefCNTSs is schematically illustrated Figure42. As
the first step, the loweost and highly scalable solutidrased synthesis of KeNTs have
been applied, as previously described by our group for alkaline batf&riEse as
prepared FCNTSs are then directly fluorinated under the flow of highly diluted §#s at
a mild temperature, yielding the FeENTS, which retained the uniform morphology of
the FeCNTs1%%105 | would like to highlight the great flexibility and safety thiis
approach offers. The design and synthesis of nanostructured metals érexteasively
reported, however, the research on the nanoscale architecture of MFs still remains rare
today. This methodology could be utilized for the fluorination of a broad range of MFs.

This is very different from the conventional fluorination reactiddased on aqueous HF
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solution, which induce severe pulverization of metal (nano)particles. In additigrs BF

low cost, widely used chemical commonly employed during dry etching process in
semiconductor manufacturing. This sefjds phase reactionasso operatiotiriendly and

safe when diluted N#is utilized (2% by weight mixed with an inert gal$)shouldalso be
clarifiedthat the proposed procedure is general and could be utilized for diverse conductive

carbon materials, such as graphene, pocauson, carbon cloth, to name a few.
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Figure 43. XRD patterns (a) and TGA curve at 10°C min-tin air (b) of FeFs-CNT

nanocomposites. SEM images of FENT (c) and FeR-CNT composites (f); TEM

images of FeCNT (d, e) and Fek-CNT (g), showing uniform and consistent
morphologies before and after fluorination
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Figure 43 presents the results of the selected characterizations. Ttay X
diffraction (XRD) pattern of Fei<CNTs is shown irFigure 43a. The Z peak at 26
originates from the presence of CNTs. All the other Bragg peaks can be ascribed to the
hexagonal Fefphase (JCPDS card no.-8847, space grourR39 without any significant
content of impurities. In order to determine the content of;Fetl CNTs in the
composites, thermogravimetric analysis (TGA) was conducted in air, as shéiguie
43b. The weight loss observed at 5600°C is corresponding to the burning oNTs into
CO and CQgases and associated with the conversion of teeifon oxide. According to
the XRD patterns of the redafown residue after TGA tedtigure44), pure phase E©sis
detected. Therefore, the weight of E@kinitial composites could be calculated based on
the remained mass of X&2. In a result, the weight fraction of Fglarns out to be 80 wt.%

and may likely be further increased with furthetimjization.

Intensity (a.u.)
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Figure 44. XRD patterns of the residue of FeB-CNT nanocomposites after TGA in
air, showing pure phase of Fgs.

Once the FeFCNTs electrode was fabricated, rapid PEALD of multiple metal

oxides was performed in order to produce a protective shell surrounding the composites to
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suppress the dissolution of Rafuring chargealischarge cycling. Relevant parameters
were controlled tabe optimal, according to a previous ALD stud3:% Among the
candidates of coating materials, titanium oxide @JiGluminum oxide (AOs) and
zirconium oxide (Zr@) are selected and compared because of their excellént Li
conductivity and good mechaal properties. The deposition procedures of all three

coating materials were identical.
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Figure 45. XPS spectrum of Abp (2) and HR-TEM image (b) of the fresh electrode
after Al203 ALD.

The morphologies and microstructuresasfprepared FENTs and Feft=CNTs
have been characterized by scanning electron microscopy (SEM) andes$iadiition
transmission electron microscopy (HEEM) studiesFigure43c exhibits the SEM images
of Fe particle with an average diameter % nmuniformly deposited on the surface of
MWCNTSs, which is further confirmed by TEM imagesHigure43d andFigure43e. After
fluorination, as observed figure43f andFigure43g, the particle size of FefF~20 nn)
becomes approximately twice as large as the initial Fe nanopsastiokeanwhile, every
single Fek particle remained attached to the MWCNTSs. Such a composite morphology

enables one to effectively accommodate the volume expansion during both fluorination
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and electrocheroal lithiation when discharg&he amount of the depited metal oxides
was below the detection limit die analytical balance. Therefor PS spectrum of Ap
was conducted and the strong peak at ~74.5 eV implies the existenc®©gfasl shown
in Figure 45a. High resolution TEM image of the compositésgre 45b) after ALD

clearly indicates a uniform coating with the thickness of ~2 nm
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Figure 46. Electrochemical characterization of the Feb-CNT electrodes with

different ALD coatings cycled at 100 mA gusing 0.7 M LiPFe. Tester instrument
error < 1%.

This work selecta limited voltage range of2.2 V and allow only one reaction
to occur, in order to best understand the impacts of protective shells from ALD coating and
CEIl formation by diminishinghe pulverization of Fef Such a voltage range is also
adopted by other groups working on E&E"®First, the electrodes with different metal
oxide coatings were compared in simple commercial electrolytes without addrigess(
46). After 300 cycles at the current rate of 100 mA the electrode coated bya8;s thin
film appear to be the most robust. Fi€dating does modestly improve the cycling stability,
while no improvement was also observed by using.&@ating. Thus, all the electrodes

used in the following endeavors were-neated by AIOs ALD coating.
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Figure 47. Electrochemical characterization of the half cells cycled a@00 mA gtusing
0.7 M LiPFe with different percentages of LiBoB: cycling stability (a), capacity
retention recorded from the 31st cycle (b), selected voltagmpacity profiles at the
150" cycle (c) and the 300 cycle (d). Additional cycling stability (€) and capacity
retention (f) of the half cells using LiTFSI instead of LiPFk with all other conditions
being the sameTester instrument error < 1%.

In the next step, the carbonditased electrolyte was modified to further improve
cycling performance. After initial screening, LiBoB svaentified a promising electrolyte
additive, which has low solubility in a majority of common electrolyte solvents, but could
be dissolved modestly in cyclic carbonates. In this work a commonly used EC/PC/DMC
(1:1:3 wt.%) cesolvent system was applieddaiie molarity of Li was fixed at a low level
of 0.7 M to maintain the Liconcentration constant in all electrolytes (limited by the
solubility of pure LiBOB in this solvent systetf;1%® As shown inFigure 47, charge

discharge (€D) cycling stabilities of the cells containing LiP@Figure47a-d) or lithium
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