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Abstract

Abstract

ENGLISH: The storage capabilities, longevity, and safety characteristics in existing rechargeable
lithium-ion batteries (LIBs) using graphite as anode materials, are regarded as insufficient to meet
the vigorous requirements of energy storage market. A renewed interest is now devoted towards
high-energy lithium-metal anode (attractive theoretical specific capacity of 3860 mAh g™') though
the issues of uncontrolled lithium dendrite growth need to be resolved urgently. To this end, the focus
of this thesis is optimization of suitable electrolyte solutions that can mitigate the issues affecting the

lithium metal anode, and search for alternative anode materials with high Li" storage capacity.

Chapters 1 introduces the background knowledge of the world energy demands, focusing on the
importance of developing LIBs. Chapter 2 presents the fundamental concept of lithium battery
technologies, including the historical outlook of battery, battery basics, cathode materials, anode
materials, electrolytes, and lithium metal batteries. Chapter 3 reports a description of the used
chemical reagents and an overview of the instrumentation principles. The preparation of electrode
materials, cell configurations, and working principles of the characterization techniques are detailed

in Chapter 4.

An electrochemical study of end-capped glymes (diethylene glycol dimethyl ether, DEGDME;
triethylene glycol dimethyl ether, TREGDME) dissolving lithium salts, namely, lithium
bis(fluorosulfonyl)imide (LiFSI), lithium bis(trifluoromethanesulfonyl)imide (LiTFSI), and lithium
bis(pentafluoroethanesulfonyl)imide (LiBETI) as electrolyte solutions for lithium metal batteries is
given in Chapter 5. The ion transport properties, the lithium/electrolyte interphase characteristics,
and the electrochemical stability window of six electrolyte solutions are thoroughly explored. The
comparative study indicates that the electrolyte composition has a remarkable effect on the cell
performances by using lithium iron phosphate (LFP) cathode and lithium metal anode and indicate

the solutions of LiTFSI salt in glymes as the most adequate formulations for possible applications.

High-performance lithium-metal batteries are achieved by using six electrolyte solutions mentioned
above, enhanced with a LiNOs additive and an olivine cathode, as can be seen in Chapter 6. The

best Li/LFP battery delivers 154 mAh g' at C/3 (1C = 170 mA g ') without any decay after 200
I
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cycles. Tests at 1C and 5C show initial capacities of about 150 and 140 mAh g ', a retention

exceeding 70 % after 500 cycles, and suitable electrode/electrolyte interphases evolution.

A NiO@C composite is prepared through an alternative synthesis route involving precipitation of a
carbon precursor on NiO nano powder, annealing under argon to form a Ni core, and oxidation at
moderate temperature, as shown in Chapter 7. The NiO@C exhibits highly improved behavior in a
lithium half-cell compared to bare NiO due to faster electrode kinetics and superior stability over
electrochemical displacement, leading to a reversible capacity approaching 800 mAh g !, much-
enhanced cycle life, and promising rate capability. The applicability of the NiO@C anode is further
investigated in a lithium-ion NiO@C/LiNij;3Co13Mn;30; cell, which operates at about 2.5 V,
delivering about 160 mAh g™' with respect to the cathode mass. The cell exhibits stable response
upon 80 cycles at a C/2 (where 1C is 170 mA g ' as referred to the positive electrode) rate with

coulombic efficiency ranging from 97% to 99%.
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ITALIAN: Le capacita di stoccaggio energetico, la longevita e la sicurezza delle batterie litio-ione
(LIBs) ricaricabili esistenti che utilizzano la grafite come materiale anodico sono considerate
insufficienti per soddisfare i rigorosi requisiti del mercato dell'accumulo di energia. Un rinnovato
interesse ¢ ora dedicato all’anodo di litio metallico ad alta energia (capacita specifica teorica di 3860
mAh g '), sebbene i problemi dovuti alla crescita incontrollata di strutture dendritiche di litio
debbano ancora essere risolti. A tal fine, il focus di questa tesi ¢ I'ottimizzazione di soluzioni
elettrolitiche in grado di mitigare i problemi che interessano I'anodo di litio metallico, ¢ la ricerca di
materiali anodici alternativi con elevata capacita di accumulo di ioni Li'.

I1 Capitolo 1 introduce la conoscenza di base delle richieste energetiche mondiali, concentrandosi
sull'importanza dello sviluppo di LIBs. Il Capitolo 2 presenta il concetto fondamentale delle
tecnologie delle batterie al litio, inclusa la prospettiva storica della batteria, le basi del dispositivo, i
materiali catodici, 1 materiali anodici, gli elettroliti e le batterie al litio metallico. Il Capitolo 3 riporta
una descrizione dei reagenti chimici utilizzati e una panoramica dei principi della strumentazione.
La preparazione dei materiali elettrodici, le configurazioni delle celle e i principi di funzionamento
delle tecniche di caratterizzazione sono descritti in dettaglio nel Capitolo 4.

Nel Capitolo 5 viene fornito uno studio elettrochimico di soluzioni elettrolitiche dette “end-capped
glymes” (dietilenglicole dimetil etere, DEGDME; trietilenglicole dimetil etere, TREGDME) che
dissolvono sali di litio, vale a dire, litio bis(fluorosulfonil)immide (LiFSI), litio
bis(trifluorometansolfonil)immide (LiTFSI), e litio bis(pentafluoroethanesulfonil)immide (LiBETI)
per batterie al litio metallico. Le proprieta di trasporto ionico, le caratteristiche dell'interfase
litio/elettrolita e la finestra di stabilita elettrochimica di sei soluzioni elettrolitiche sono state studiate.
Lo studio comparativo indica che la composizione elettrolitica ha un effetto notevole sulle prestazioni
delle celle utilizzando il catodo di litio ferro fosfato (LFP) e 1'anodo di litio metallico ad alta energia
e indicano le soluzioni di sale LiTFSI in glymes come le formulazioni pitt adeguate per una possibile
applicazione.

Le batterie al litio metallico ad alte prestazioni vengono ottenute utilizzando le sei soluzioni
elettrolitiche sopra menzionate migliorate con I’additivo LiNO3, e un catodo olivinico, come viene
mostrato nel Capitolo 6. La migliore batteria Li/LFP eroga 154 mAh g 'a C/3 (1C =170 mA g")

senza alcun decadimento dopo 200 cicli. I test a 1C e 5C mostrano capacita iniziali di circa 150 e
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140 mAh g™', una ritenzione superiore al 70% dopo 500 cicli e un'adeguata evoluzione dell’interfase
elettrodo/elettrolita.

Un composto NiO@C viene preparato attraverso un percorso di sintesi alternativo che coinvolge la
precipitazione di un precursore di carbonio su polvere nanometrica di NiO, la ricottura sotto argon
per formare un nucleo di Ni, e l'ossidazione a temperatura moderata, come mostrato nel Capitolo 7.
Il materiale NiO@C mostra un comportamento altamente migliorato in una semicella al litio rispetto
al semplice NiO grazie alla cinetica degli elettrodi piu rapida e alla superiore stabilita rispetto al
trasferimento elettrochimico, portando a una capacita reversibile che si avvicina a 800 mAh g”', un
ciclo di vita molto migliorato e una promettente rate capability. L'applicabilita dell'anodo NiO@C ¢
ulteriormente studiata in una cella litio-ione NiO@C/LiNi;3Co13Mn;30,, che opera a circa 2.5 V
erogando 160 mAh g ' rispetto alla massa del catodo. La cella mostra una risposta stabile su 80 cicli
ad una corrente di C/2 (dove 1C ¢ 170 mA g ' riferendosi all'elettrodo positivo) con efficienza

coulombica che va dal 97% al 99%.
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Chapter 1 Introduction

Chapter 1 Introduction

Environmental sustainability and energy security are the two priority issues in the 21% century for
safeguarding national security and development as well as regional peace and steadiness [1]. With
the ever-increasing global population, the world energy demands will double by 2050 to 28 terawatts

(TW), as revealed in Figure 1.1 [2].
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Figure 1.1 Forecasts through 2050 about global energy need. Reprinted from Ref. [2].

As fossil fuels are on the edge of being exhausted, the renewable energy sources (RES) have drawn
much attention due to intriguing characteristics in terms of huge development potential, green and
pollution-free, recyclable use, and low exploiting costs [3]. As the representatives of thriving RES,
the production of solar and wind energy is highly dependent on the natural resources [4].
Nevertheless, the fickle nature of the weather may produce power fluctuations and cause difficulties
to capture, store, and transport these renewable energies. Taking the well-known energy source solar
energy as an example, incorporation of solar energy into the electrical grid would be not only a good
solution, but also a challenging issue due to its intermittent and stochastic character [5]. Thus, the
development of electrical energy storage technologies, for example, rechargeable batteries (or called

secondary batteries) become crucial.
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Among the various options, lithium-ion batteries (LIBs) are currently in the forefront and have been
utilized in our daily lives, from portable electronic devices, cordless power tool systems to grid-scale
storage. Because of their unique benefits in terms of suitable energy density, reliability, long lifespan,
high coulombic and energy efficiency, LIBs are expected to implement large-scale applications
ranging up to tens of MWh [6,7]. On the other hand, the emergence of enhanced capabilities (e.g.,
video players, music players, mobile navigation, web browsing) and available processing power (e.g.,
mobile cloud sensing, big data, 5G networks) has contributed to the development of advanced

electrolytes and alternative electrode materials.

Driven by the above-mentioned widespread diffusion, academia and industries have been attempting
to achieve substantial enhancements in battery performance [8]. In this thesis, we thoroughly
investigated the electrochemical characteristics of glyme-based electrolytes without and with a
LiNOs additive for lithium cells and studied the electrochemical properties of new electrode materials,
e.g., transition metal oxide anode (NiO) and transition metal oxide cathode, layered
LiNi;3Co13Mn; 30, (NCM), aiming at expanding new strategies for the next-generation high-energy

and safe lithium batteries.
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2.1 Overview of battery

The benefits of LIBs in terms of high energy and power density, nonexistent memory effect, high
efficiency, and low-cost, have made them become the most efficient and successful rechargeable
battery within the last three decades as well as stand out in the 2019 Nobel Prize in Chemistry [9].
The comparison chart displayed the specific power and energy density in different types of
rechargeable batteries, as shown in Figure 2.1. Compared to other rechargeable battery systems, it
is possible to see that LIBs exhibit higher specific power of about 300 W kg ' and energy density
approaching 160 Wh kg ' and the energy densities of some batteries are almost double of Nickel-
metal hydride (NiMH) batteries. Furthermore, lithium battery technologies (Li metal-polymer, Li ion

LiFePO4-C, and Li ion Li(TM)O,-C) dominate the field of energy storage (see Figure 2.1).

o
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Figure 2.1 Comparison of specific power and energy density in difference batteries. Reprinted from

Ref. [10].

In this content, LIBs have been widely utilized as power supplies for hybrid electrical vehicles (HEVs)

and hybrid plug-in electrical vehicles (HPEVs), and thereby strong demand for efficient rechargeable
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batteries has been ignited [11]. The worldwide sales of LIBs are expected to approach $213.5 billion
by 2020, with a 63% ratio in all storage systems [12]. Nowadays, its practical energy density can

ensure 250 Wh kg ', but it still could not meet the high requirements of 500 — 700 Wh kg ' [12].

2.2 Historic outlook of battery

It should be noted that the development of batteries is very daunting and challenging. In 1799, the
first electric battery, namely, Voltaic pile, was presented by an Italian physicist Alessandro Volta,
when he was able to reveal that by preparing some pairs of alternating copper and zinc discs,
separated by a cloth saturated in a sodium chloride solution one can generate current by connecting
wires [13]. Shortly after, other storage systems have experienced vigorous development, such as the
Daniell Cell in 1836, the lead-acid battery in 1859, the Leclanché cell in 1866, the commercially dry
cell (zinc-carbon battery) in 1881, the nickel-cadmium (NiCd) battery in 1899, and the nickel-metal
hydride (NiMH) battery in 1967 [14-16].

The early stage in 1958, a student at the University of California, William Sidney Harris, investigated
the solubility of lithium in some nonaqueous (aprotic) electrolytes, which marked the beginning of
studies on the primary lithium-ion batteries [17]. In the 1970s, a French scientist, Michel Armand,
first proposed using two different intercalation electrodes to build a lithium-ion battery, “rocking
chair” or “shuttle” battery [18]. A researcher at the Exxon Laboratories, Michael Stanley
Whittingham, proposed the first rechargeable lithium-ion battery in 1976 and patented in 1977 using
a lithium-aluminum (Li/Al) alloy as the negative electrode and a dichalcogenides titanium sulfide
(TiS,) as the positive electrode, Li/TiS, batteries [19]. Though TiS, has good intercalation
characteristics as cathode material in rechargeable batteries, metallic lithium is prone to react with
moisture in atmospheric conditions, which quickly leads to significant safety issues [20]. Following
that, in 1980, a Moroccan scientist, Rachid Yazami, pioneered the graphite (C) anode [18]. An
American chemist, John Bannister Goodenough, discovered the lithium cobalt oxide (LiCo0O,)
cathode (3.9 V vs. Li'/Li) in the same year [21]. A Japanese chemist, Akira Yoshino, a research
fellow at Asahi Kasei Corporation, created the prototype of LIBs by replacing the lithium-metal

4
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anode with petroleum coke in 1985 [22]. Inspired by this, five years later, this lithium-ion battery by
pairing graphite anode with LiCoO, cathode became a thriving commercial reality through Sony
corporation [23]. Since then, LIBs have progressively revolutionized electrochemical energy storage

and have occupied a significant market share.

2.2.1 Lithium-ion battery applications

LIBs are ubiquitously applied in modern society from tablets, laptops, robots, medical electronics,
emergency backup battery, rail traffic, industrial equipment, exploring to surveying [24,25]. Among
them, LIBs play a significant role in mainstream automotive applications. Some of the most recent
examples include Tesla model S60 (2013), Chevrolet Spark (2014), Volkswagen e-Golf (2015), BYD

€6 (2015), and Nissan Leaf (2017) [26].

Several typical application fields are described in detail in Figure 2.2 [27]. It is clear that the
applications of LIBs are rapidly expanding from consumer electronics and devices (e.g., personal
cares, smartphones) to transportation (e.g., cars, auto bicycles) and grid energy and industry (e.g.,
portable energy storage, stationary energy storge). In addition, the rapid growth of new energy
automobile and smart grid will further promote the development of LIBs with higher power and

specific energy, and higher safety content [28].

Stationary energy storage
Grid energy Cars

Autobicycles

Consumer Electronics

Portable energy & Devices
storage G‘,bdu . a‘\&?}
/ My saturated ™ '
@
Smartphones Laptops Tablets Power tools  Personal Care

Figure 2.2 Various applications of LIBs from consumer electronics and devices, transportation, to

grid energy and industry. Reprinted from Ref. [27].
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2.2.2 Lithium-ion battery manufacturing

Over the past decade, lithium-ion battery manufacturing is concentrated in four countries, China, the
United States, Japan, and South Korea [29]. According to an analysis by BloombergNEF (BNEF),
the global lithium cell manufacturing capacity was approaching 316 gigawatt-hours (GWh) in early
2019 [30]. The leading ten battery companies on the 2019 ranking in the world by shipments have
five Chinese companies, Contemporary Amperex Technology (CATL), Build Your Dreams (BYD),
Automotive Energy Supply Corporation (AESC acquired by Envision), Guoxuan High-tech (Gotion),
and Tianjin Lishen Battery. In the United States, Panasonic Energy of North America and LG Chem
Michigan Inc. hold the largest market share in the lithium battery manufacturing industry. Japan has
world-class battery manufacturers, such as Nippon Electric Company (NEC), Sony, Toshiba, Sanyo,
Hitachi, Ltd., and Goldman Sachs Group (GS). As one of the four dragons in Asia, South Korea is
at the forefront in battery production. LG Chem, Samsung SDI, and SK innovation are the typical

representatives [29].

2.3 Battery basics

Cathode: The positive electrode associated with the reduction reaction which accepts electrons from
the external circuit during discharge. The conductive current collector for the cathode consists of

aluminum.

Anode: The negative electrode associated with the oxidation reaction which gives off electrons to

the external circuit during charge. The conductive current collector for the anode consists of copper.

Separator: It usually refers to a permeable membrane placed between the cathode and anode. It sets
a barrier on both sides but allows exchange Li" between each other. A separator usually adopts a
polymeric membrane based on microporous monolayer or trilayer polyolefins, such as single-layer
or multi-layer polyethylene (PE) and polypropylene (PP) film. Examples of separators used in LIBs
include Whatman® glass microfiber filters, Grade GF/A, GF/D, microporous monolayer PP

membrane, and Celgard 2400.



Chapter 2 Fundamentals

Electrolyte: It generally refers to a lithium salt dissolved in soluble ionic compound or an organic
solvent whose primary function is the carrier of ion transmission and electron conduction between

the cathode and anode.

2.3.1 Component costs and working principle of lithium-ion battery

Figure 2.3a shows an illustration of a common battery and its component costs. It should be noticed
that cathode materials mostly limit the energy density, and determine the cell chemistry as well as
the overall 30 — 40% battery costs [9]. Figure 2.3b displays the components and configuration of a
typical lithium-ion battery, including LiCoO, cathode, graphite anode, and separator immersed in
electrolyte. It reveals the movement of lithium ions (Li") from one side to the other, while the
electrons move in the opposite direction at the same cycle. Upon the charging process, Li" ions depart
from LiCoO; and are insert into graphite through electrolyte and separator, which corresponds to the
oxidation reaction of LiCoO,, meanwhile, the graphite is reduced. During discharging, the process

is reversed.
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Figure 2.3 (a) [llustration of a common battery and its component costs. (b) Schematic diagram of

a LiCoO,/C lithium-ion battery. Modified from Ref. [31].

The Equations 2.1, 2.2, and 2.3 show the electrochemical reaction of a LiCoO,/C cell, which occurs
at a potential of about 3.9 V vs. Li"/Li. A complete electrochemical reaction of a LiCoO,/C cell
during charge and discharge processes is displayed in Equation (2.3). In that procedure, the overall
equation can be broken down into two half-reactions, at the cathode Equation (2.1) during charging
and at the anode Equation (2.2) during discharging. Meanwhile, the two Faradaic half-cell reactions

occur at electrode/electrolyte interfaces.
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At the cathode: LiCoO, FE——— Li;_,CoO, + xLi* + xe™ (2.1)
arge/pischarge

At the anode: xLi* + nC + xe~ , Li, C, (2.2)
Charge/Discharge

At the battery: LiCoO, + nC . Li;_,CoO, + Li, C, (2.3)
Charge/Discharge

2.3.2 Battery specification

Numerous studies have demonstrated that cell design plays a pivotal part in determining the property
and safety of lithium-ion battery modules or packs [32]. By shape and component, these cells can be
typically categorized into following four types, cylindrical cells, prismatic cells, button (or coin) cells,

and pouch cells, as can be seen in Figure 2.4.

LiFePO, Al
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Figure 2.4 Images showing the four different shapes and components used in LIBs: (a) Schematic
of a cylindrical cell, (b) Schematic of a prismatic cell, (¢) Schematic of a button cell, and (d)

Schematic of a pouch cell. Modified from Ref. [23].

The cylindrical cell is characterized by good mechanical stability, cheapness, and advanced safety
features, which is often used in portable electronic devices, including medical instruments, flashlights,
digital cameras, and walkie-talkies [33]. It can offer a long cycle and calendar life but has less than
ideal packaging density [34]. The prismatic cell has a large capacity, and its prismatic shape (Jelly-

rolled or stacked) is easily to connect more cells [33]. It is usually encased in aluminum or steel. A
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prismatic cell is space-saving, but its manufacturing cost may be more expensive than the cylindrical

cell. Furthermore, cylindrical cells and prismatic cells are the most popular and well-known batteries.

Button cells have an advantage of low manufacturing costs due to the small size but have no safety
vent that they can only be charged for 10 to 16 hours [35]. Most button cells are non-rechargeable
on the market, for example, hearing aids. A button cell can easily swell if it is charged too fast. The
pouch cell is light, flat, and cost-effective, and usually adopts a laminated structure in a bag, offering
a great possibility for stacking, which has been successfully applied to electric vehicles (EVs). At

the same time, it is sensitive to humidity and high temperature [23].

2.3.3 Important performance parameters of lithium-ion battery

Capacity: The amount of charge a battery can store, which depends on the amount and redox
characteristics of the active material in a battery. It is typically expressed as mAh or Ah. The specific
capacity of the active material refers to the capacity per unit weight (C, mAh g', or Ah kg "). The

theoretical specific capacity (C) can be described as Equation 2.4.

nF
3.6M

C = (2.4)

where n: the number of charge carriers,

F: Faraday constant (approximately 96485 C mol ™),

M: the molecular weight of any given active material.

Energy density: It can be described as the energy output capability of a battery. There are two

expression forms.

Volumetric energy density: How much energy is available from a battery in a certain volume for a

given material. It is most expressed as Watt-hours/liter (Wh L™1).

Gravimetric energy density (specific energy): How much energy is available from a battery in a

certain weight for a given material. It is given as Watt-hours/kilogram (Wh kg ™).
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Specific power: The energy in a battery that can release per unit weight or unit volume of active

material in unit time. It is often expressed as W kg ! or W L.

C-rate: It is a measure of the rate to reveal the maximum charge or discharge current that a battery
can afford, which is numerically equal to the Ah (Ampere-hour) rating of a battery. For example, a

1C rate refers to allowing the cell to release a maximum charge/discharge capacity in 1 hour.

Coulombic efficiency (faradaic efficiency or current efficiency): The ratio of output charge from
a battery versus the input charge into a battery within one cycle. A coulombic efficiency in a full

cycle is usually less than 100 %, mainly because of the loss of charge in irreversible reactions.

Cell voltage: The potential difference (AE) between the cathode and anode. AE equals the cell

potential. It can be given by Equation 2.5.
AE = Ecathode — Eanode (2.5)

Open circuit voltage: The electric potential difference of a cell which is disconnected from the

circuit.

Operating voltage: The electric potential difference of a cell which is connected to the circuit, while

the current flows in it.

2.3.4 Strengths and weaknesses of lithium-ion battery

The advantages of LIBs are listed below:

» High energy density: Some lithium-ion cells can reach the energy densities of about 250 Wh
kg ' and 650 Wh L', respectively.

» High open circuit voltage: The nominal cell voltage of a lithium-ion cell is about 3.6 V, which
is nearly two times that of NiCd and NiMH batteries.

» Long cycle life: Lithium-ion cells can provide hundreds or thousands of charge/discharge cycles.

Many advanced lithium-ion cells still have adequate capacity after 2000 cycles.

10



Chapter 2 Fundamentals

» Low self-discharge: After being charged, their rates of self-discharge are typically around 5.0%
in the first 4 hours but then fall to around 1.5 ~ 3.0% per month, which are much lower than the
self-discharge rates of NiCd batteries (about 10%) and NiMH batteries (about 20%).

» No memory effect: Zero to minimal memory effect in LIBs. but other rechargeable batteries,
such as nickel-based batteries have strong memory effect.

» Long storage time: Some lithium-ion cells even have a shelf life of more than 10 years.

»  Quick charging: For example, charging by 1C for 30 minutes, some batteries can reach 80% of
the rated capacity.

»  Green and environmentally friendly.

The energy density will be able to reach tens of MWh by developing a variety of emerging advanced
electrolytes, anode materials, and cathode materials [31]. Although LIBs are more popular than many

other types of batteries, their drawbacks could not be ignored.

< High production costs: The early LiCoO- cathode materials, have made the total costs of LIBs
too high, which is around 40 percent higher than NiMH batteries. The development of LiMn,O4,
LiFePOs, and ternary materials have gradually replaced LiCoO,, but their costs still have room
for further reduction.

< Intolerant to over-charge/over-discharge: It can shorten the battery lifespan and cause possibly
hidden trouble, for instance, fire danger and explosion.

< Sensitivity to high temperature: The electrochemical impedance of LIBs is particularly sensitive
to the operating temperature. Overheating may ignite the electrolyte and cause the cells or
batteries to degrade faster.

< The aging effects: Once LIBs leave the factory; they will naturally degrade. Special protective
equipment is therefore required. For instance, a lithium-ion cell is charged with 40 ~ 50%

capacity and stored in a cool place, which will reduce the aging effects.

11
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2.4 Cathode materials

Among the main components, cathode has a significant influence on the volumetric energy/power
densities of a lithium-ion cell, which can largely determines the battery performance and cost [36—
38]. A comparison of electrochemical performance (achievable capacity and voltage) of the most
popular cathode materials are shown in Figure 2.5a. In current LIB technologies, a large number of
research has focused on these materials and their derivatives [39,40]. Figure 2.5b displays three
typical crystal structures in these materials [41]. They are Li-insertion compounds, layered LiCoO,,

spinel LiMn,Os, and olivine LiFePOs.

a)
Framework =~ Compound Specific capacity Average potential
(mAhig) (V vs LiLi*)
Layered LiCoO, 272 (140) 4.2
LiNiq;sMn4/3C04/302 272 (200) 4.0
Spinel LiMn204 148 (120) 4.1
LiMna;aNiq/204 148 (120)
Olivine LiFePO4 170 (160)
LiFe;,Mn4,PO;, 170 (160)

Layered LiCoO, Spinel LiMn,O4 Olivine LiFePOy4

Figure 2.5 (a) Electrochemical features of commercially available three classes of cathode materials,

and (b) their corresponding crystal structures. Reprinted from Ref. [41].

In addition, to further enhance the energy density, the introduction of other transition metals into the
cathode compounds has been explored. Among the various alternative cathode materials proposed
so far [42], lithium nickel cobalt aluminum oxide (NCA, ~200 mAh g ', ~3.8 V vs. Li'/Li) with high
energy density has been extensively used in Tesla cars. Yet, with the price of cobalt increased by

2.56 times only in one and a half years (US$ 26,500 per ton in September 2016, vs. US$ 94,250 per
12
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ton in March 2018) [43], the traditional lithium-ion battery technology urgently needs to be upgraded
to improve the energy density and the safety content, particular the use of expensive and hazardous
cobalt in commercial cells [44]. Currently, many efforts are being undertaken to exploit the cobalt-

free, less toxicity, and high-abundance cathode materials [45].

2.4.1 Layered materials

Lithium cobalt oxide (LCO) possesses the layered a-NaFeO, structure, whose space group is Fd3m
[46]. As the extensively used cathode materials [47], LCO was firstly introduced by Goodenough
and his colleagues in 1980 [48], and after a few years, wildly commercialized by Sony. In the
Li;—,CoO; structure, when the amount of inserted/extracted Li" exceed 0.55 per formula unit, the
additional flowing holes will be transferred to the 2p molecular orbital of oxygen to form O®" ions
over the surface of the particles, which subsequently oxygen evolves, leading to the formation of
oxygen defects [9]. Therefore, up to 0.55 amount of Li" ions can be extracted from the host structure

of LCO.

Even though LCO has a theoretical specific capacity of 274 mAh g', it contributes to a maximum
capacity of 165 mAh g™ at the working voltage of 4.35 V [44]. High volumetric energy density,
relative high Li"/electron conductivity, low self-discharge rate, and reliability make LCO maintain
its dominant position in the portable applications almost two decades. Driven by the realization that
cobalt is a high toxicity, expensive, and scarce resource, academia and industries have been trying to

seek for low-cost alternatives [49].

The isostructural lithium nickel oxide (LNO) is a promising alternative material to replace LCO,
which has been very actively studied during the 1990s due to its higher specific energy, and cost
advantages [50]. However, the gradual structural degradation of LNO during prolonged cycling leads
to noticeable capacity fading, preventing the commercial applicability [51]. Further improvements
can be made by surface coating and partial doping/substitution with Co or other transition metals

[52], before LNO become more competitive and possibly be used in practical devices.

The so-called NCM type materials with the formula Li(Ni;--,Co,Mn,)O; is the most prominent
representative [53,54]. LiNij;3Co13Mn; 30, was reported for the first time in 2001 by Ohzuku and
Makimura [55], although this material can only deliver a specific capacity of 165 mAh g at the first

13
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cycle. NCM can be regarded as a solid solution of LiNiO,, LiCoO,, and LiMnO, as well as integrate
the features of these three, which is expected to benefit from Ni, Co, Mn in terms of capacity, rate
performance, and structural stability, respectively. NCM exhibits a high reversible capacity of about
200 mAh g ' when being cycled up to high voltage of 4.6 V vs. Li*/Li, though it has an ideal
theoretical capacity of 278 mAh g . In the near future, NCM still remains as an extremely interesting

alternative if the full benefits of NCM with high capacity can be released [56].

2.4.2 Spinel-type materials

In 1981, Hunter first reported the complete extraction of Li" ions from spinel lithium manganese
oxide (LiMn,Os4, referred to as LMO) with acidic solutions to form A-MnO; [57]. LMO has the cubic
spinel structure in which Li and Mn ions occupy the 8a sites (tetrahedral) and 16d sites (octahedral),
while the oxygen ions have a cubic close-packed framework occupying the 32e positions [58]. LMO
is a cheap, non-toxic, easily accessible material, offers a suitable operating voltage at 4.1 V vs. Li'/Li,
and demonstrates a reversible capacity of about 120 mAh g !, which has been regarded as a viable
option for large-scale storage [59]. During electrochemical cycling, the loss of oxygen, Jahn-Teller
effect, the deposition of Mn®" on the anode, and the leaching of Mn** (Mn** — Mn*" + Mn?") in the

electrolyte easily lead to poor cyclability [45].

As derived from LMO, spinel-structured LiNigsMn; s04 (LNMO) has emerged as one of the most
prospective materials in view of its theoretical capacity of 147 mAh g ' and working voltage as high
as 4.7 V vs. Li"/Li, which might lead to an energy density of about 690 Wh kg' [60], namely, in
approaching the values of the NCA [61], and LiNig3Coo.1Mng ;0> (NCM811) [62] materials in
lithium cells. LNMO may crystallize in either simple cubic (space group P4332) or face-centered
structures (space group Fd3m) depending on the ordering of Ni** and Mn*" ions in octahedral sites
of the lattice, as well as on the presence of Mn®" in the spinel framework to compensate oxygen
vacancies [63]. Both structures enable three-dimensional (3D) lithium-ion (de)insertion at high
current rates, although the latter has a higher bulk electronic conductivity than that of the former [64].
Furthermore, the suitable characteristics of LNMO in terms of good thermal stability, and modest

toxicity are expected to lower environmental impact of the cell [65].

14
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Though there has been a flurry of research about LNMO, the ideal cycling performance, including
the small irreversible capacity, slow capacity fading, and satisfactory rate capability especially at
elevated temperatures (> 45 °C), could not be achieved simultaneously in the last decade [66—69]
due to manganese dissolution, which currently hinders its possible applications [70]. In the regards,
the optimization of structure and morphology of LNMO may improve the insertion kinetics and
stabilize the electrode/electrolyte interphase [71], while a proper tuning of the electrode composition,
e.g., by transition metal substitution, may mitigate the electrode degradation, limit the parasitic
phenomena affecting the cycle life, and further enhance the electrode charge transfer [72], thereby

optimizing the electrochemical behavior in lithium cells.

2.4.3 Olivine-type materials

Olivine-type lithium iron phosphate (LFP) was first proposed by Goodenough in 1997 [73], which
has been recognized as a very promising cathode materials that can be used in large vehicles or
facilities thanks to its naturally abundant, environmentally benign, good thermal stability, and
improved safety [74]. LFP is characterized by a voltage plateau of 3.45 V vs. Li"/Li based on the
Fe*'/Fe** redox couple, which may provide an energy density of around 580 Wh kg ™' [75]. It adopts
a typical orthorhombic olivine-type structure, whose space group is Pnma [76]. Nevertheless, LFP
has suffered from a gradual loss of capacity during long-term cycling, originating from the low bulk
electronic conductivity (< 10 S cm™') and weak Li" diffusion coefficient (= 10™'* cm? s™'), which

greatly impede its wide utilization in energy storage appliances [77].

2.5 Anode materials

Recent years have witnessed tremendous expansion of LIBs in portable electronic devices, and
various EVs. To meet the expectations for higher energy density, considerable efforts have been
devoted to the search for either high-voltage cathode materials or high-capacity anode materials [ 78].
For the latter, developing anode materials with high capacity, enhanced safety, low electrode

potential, and high reversibility are of the utmost importance [79]. The typical anode materials
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include but not limit graphitic carbon, hard carbon, lithium titanate oxide (LTO), metallic lithium,
silicon (Si), tin (Sn), germanium (Ge), antimony (Sb) and their oxides and alloys, and transition metal
oxides (e.g., NiO, Fe;03). Their reaction mechanism basically can be divided into three categories
(intercalation, alloying, and conversion), e.g., 6C + Li <> LiCs, Sn + 4.4Li <> Lis4Sn, and Fe,O3 +
6Li <> 2Fe + 3Li,0. The schematic diagram of three types of reaction mechanisms and their
advantages and disadvantages are shown in Figure 2.6. For intercalation-type materials, Li" can be
reversibly incorporated into the host structures without major damages, which can ensure stable
cycling behavior and good capacity retentions but relative low capacities [42]. Alloying- and
conversion-type materials offer fast lithium storage capacities and carry on the deep redox reactions,
delivering relatively high capacities [80]. However, the weak conductivity, large voltage hysteresis,
and the accompanying large volume variation limit their commercial availability [81]. Notably,

priority is given to discuss conversion materials in this section.

Intercalation

Advantages

Carbonaceous: good
working potential, good
safety, low cost.

Titanium oxides: extreme
safety, low cost, long cycle
life, high power capability.

Alloy materials: higher
specific capacity, high
energy density, good safety.

Common Issues

high voltage hysteresis,
high irreversible capacity.

very low capacity, low
energy density.

large irreversible
capacity, huge capacity
fading, poor cycling.

M Li,M M
(M = Si, Ge, S, Sb, etc., and Si/Sn-based oxides)

Conversion

r Metal oxides: high capacity, low coulombic efficiency,
low cost, environmental unstable SEI, poor
O Discharge benignity. cycling.
Metal poor capacity retention,
_ phosphides/sulfides/nitrides:  short
B / - high capacity, low operation cycle life, high cost of
LiX+M MX potential and low polarization. production.

(M = Fe, Co, Ni, Mn, Cu, Cr, Mo, etc., and X= 0, P, S, N)

Figure 2.6 Three different types of anode reaction mechanisms in lithium battery and their strengths

and weaknesses. Reprinted from Ref. [82].
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2.5.1 Intercalation materials

As the earliest intercalation and commercialized anode material, graphite is still extensively used in
the commercial cells up to now because of its inexpensive, layered structure, and good stability
[83,84]. Graphite has a similar potential to that of a Li"/Li redox couple and a comparatively low
theoretical capacity of 372 mAh g'. The actual specific capacity of graphite is in a range between
330 and 350 mAh g ' because it allows only one Li" involving the intercalation reactions [85].
However, the shortcomings of graphite cannot be ignored, for example, a low diffusion rate of Li"

[86].

Titanium-based materials sacrifice a certain reversible capacity (theoretical capacity of 175 mAh g ),
but their excellent features of non-toxicity, safe operating voltage, and a small volume expansion, as
well as stable chemical properties, have made them stand out in anode materials [87]. The best
example is lithium titanate oxide (LTO), which has been widely recognized as a zero-strain insertion

material, with a flat discharge/charge potential of around 1.5 V vs. Li'/Li [88].

2.5.2 Alloying-type materials

Alloying-type materials (mainly in the IV and V groups) have higher theoretical capacities than
intercalate-type materials and suitable voltage plateaus, which have attracted great concerns [89].
Taking the well-known silicon (Si) as an example, Si is capable of releasing high amounts of lithium
at low potential plateaus (< 0.5 V vs. Li"/Li) and offers an high theoretical specific capacity (for the
LixSis phase at high temperature, 4200 mAh g ') that is more than eleven times that of graphite
[90,91]. Another example is Tin (Sn) that provides the maximum lithium insertion of 4.4. Sn
possesses a theoretical specific capacity of 999 mAh g' [92], that is, about the quarter of Si. Si (Sn)
undergoes an alloy reaction to form a Si-Li (Sn-Li) alloy, without lithium dendrites, but Si (Sn) also
undergoes a serious volume expansion (almost 300%, > 300%, respectively) upon lithiation and
(de)lithiation processes that induces electrode pulverization, fragmentation, and even shedding [93].
A direct consequence is the fast capacity decays in the long-term cycling [94] that ultimately restricts

its practical application [95].
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2.5.3 Conversion-type materials

The amounts of intercalated and deintercalated Li* ions in traditional carbon materials are limited,
usually less than one unit [25]. Their low theoretical capacities have become the main bottleneck for
applications in LIBs. In this regards, conversion-type materials offer higher theoretical capacities
(e.g., 712 mAh g ' for NiO, 1007 mAh g ' for Fe,03), have a safer lithiation potential, and are
environmentally friendly, which accordingly are receiving extensive interest [96]. Lithiation and
delithiation of Li" ions in X, Y during the discharge and charge processes, are described in Equation

(2.6)

XYy +b-aLit +b-ae” «—aX + bLi,Y (2.6)

Where X is a metallic cation (Fe**, Bi**, V**, Ti**, Cu**, Co**, Ni*’, etc.),

Y refers to the anion (F, O, N, S, P).

X.Y» is fully electrochemically converted to metallic X, embedded within a Li,Y matrix during
discharge. The structure of XY} is reversibly collapsed and reconstructed during electrochemical
reactions. This conversion reaction can utilize all the oxidation valence states of the metal cation,
which can realize multi-electron transfer [97]. Therefore, the lithium storage capacities in conversion

materials are higher than the traditional graphite materials 2 to 4 times [98].

The caveat is that fluoride can react at high voltage, approaching 3.0 V vs. Li'/Li. An outstanding
example is iron fluoride (712 mAh g' for 3 e transfer), which has become an promising candidate

for cathode materials in high-rate LIBs and sodium ion batteries (SIBs) [99,100].

Transition metal oxides, for instance, NiO [101], CuO [102], Fe2O; [103], and MnO,[104] based on
the conversion reaction mechanism, are capable of insertion/extraction between one and six Li" ions
per formula unit, resulting in desirable reversible capacities [105]. However, they typically show
higher working voltages than graphite and Li-alloying anodes [106]. The severe electrode
reorganization may cause pulverization and loss of electric contact of the active materials, which is
reflected as a rapid capacity fade [107]. At the same time, the voltage signature may limit the

effective use in full lithium-ion cells due to relatively low energy and gradual electrode unbalancing
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during cycling [108]. Furthermore, the huge irreversible capacity of conversion electrodes typically
occurring upon the initial cycles requires anode pre-lithiation strategies, which further hinder their

commercialization [109].

Numerous strategies have been proposed to optimize the cycling stability of transition metal oxides

in lithium cells, as revealed in the following:

< Morphological tailoring is conducive to optimize the structure, increase the specific surface area,
and improve the electrochemical activity [110].

< Preparation nano-sized materials contribute to shorten the electrons and Li" diffusion pathways
as well as increase the structural flexibility, such as nanomembranes [111], nanofibers [112],
nanobelts [113], and nanosheets [114].

< Preparation of composite materials by combining different materials, including carbon materials
and conducting polymers with high molecular, are beneficial to improve the ionic and electronic

conductivity and partially accommodate the volume changes [115].

Therefore, a careful tuning of the morphological features of metal oxide-carbon composites and
carbon-coated metal oxide electrodes is a key requirement to effectively enhance the conversion
reaction whilst limiting possible parasitic processes [116]. Nanostructures may mitigate the
expansion of conversion materials upon electrochemical reduction in lithium cells and increase the
active surface [78], while incorporation into carbon matrices of various morphologies may enhance
the conductivity and buffer volume variations [117]. Hence, one of the purposes in this work is

investigate the electrochemical characteristics of the NiIO@C anode in lithium half-cells and full cells.

2.5.4 Lithium metal

The most attractive anode material in all possible candidates would be pure metallic lithium, because
it has the highest theoretical capacity of 3800 mAh g, and lowest electrochemical potential (—3.04
V vs. the standard hydrogen electrode). Nevertheless, its commercialization in lithium metal batteries
has not been implemented because of the safety and efficiency reasons, which arises from the
formation of dendritic/mossy lithium and low stripping/plating efficiency upon repeated cycling

[118]. Uncontrolled growth of lithium dendrites and large volume changes easily cause cracks, which
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exposes plentiful fresh lithium metal out, leading to irreversible loss of both working lithium and
electrolyte [119,120]. Ultimately, lithium dendrites connect with electrolyte and separator, which

results in battery internal short circuits and even thermal runaway [121].

2.6 Electrolytes

The electrolyte is normally a solution (solvent) containing dissociated salts that can efficiently
conduct electricity and ensure the ion movement from one electrode to the other [122]. An ideal

electrolyte requires the following characteristics [123]:

Excellent chemical and thermal stability under operating temperatures.
Higher ionic conductivity and negligible electronic conductivity.
Broad electrochemical window.

Environmentally friendly and low toxicity.

Low cost and easily available.

* & 6 ¢ ¢ o

Inert towards cell components.

In general, five classes electrolytes can be discriminated: nonaqueous electrolytes, aqueous

electrolytes, ionic liquids, polymer electrolytes, and inorganic solid electrolytes.

2.6.1 Nonaqueous electrolytes

The commercial electrolytes used in LIBs are nonaqueous solutions, which refer to lithium salts
dissolved in organic solvents or blends of solvents. Lithium perchlorate (LiClOs), lithium
hexafluoroarsenate (LiAsFs), lithium triflate (LiCF3SOs3), and lithium tetrafluoroborate (LiBF4) are
the mainly employed lithium salts. The well-known examples include 1 M lithium
hexafluorophosphate (LiPF¢) dissolved in a mixture of cyclic and linear carbonates. The former
includes ethylene carbonate (EC) and propylene carbonate (PC), while the latter contains dimethyl

carbonate (DMC), diethyl carbonate (DEC), and ethyl methyl carbonate (EMC). However, regarding
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their high vapor pressure, poor viscosity, flammable features, especially the solvents, this
formulation still has some drawbacks, for example, when combined with a high voltage cathode it

exhibits the poor chemical and thermal stability at elevated temperatures [124].

2.6.2 Aqueous electrolytes

An aqueous solution is the one that water is the solvent. Using water as the solvent has several distinct
advantages like high ionic conductivity, inexpensive, environmentally friendly nature, operating
stability, and non-flammable [125]. In this regard, many salt solutions, such as KOH, LiCl, Na,;SOs,

LiNO;3, Li;SO4, Na,SO4, and K»SO4 have been reported [125,126].

2.6.3 Ionic liquids

Ionic liquids (ILs) are generally considered as being green solvents that possess high thermal stability
and almost null vapor pressure [127]. ILs usually consist of large asymmetric organic cations and
inorganic or organic anions, whose chemical and physical properties can be fine-tuned [128]. The
commonly-used cations are ammonium, phosphonium, imidazolium, pyrrolidinium, while the
typically used anions are tetrafluoroborate (BF.)~, hexafluorophosphate (PF¢), triflate (OTY),
bistriflimide (NTf,)", and acetate(OAc) . Two crucial merits (non-volatility and non-flammability)
have made ILs become one of the most promising candidates to replace conventional electrolytes
based on either aqueous or organic solvents. However, the relatively high viscosity, sluggish

transport properties, and high costs still limit their wide electrochemical applications [129].

2.6.4 Polymer electrolytes

Polymer electrolytes (PEs) are macromolecular compounds that offer improved mechanical
properties, flexibility, and safety [130]. They can be divided into three different classes: solid, gel,
and composite [130]. Poly(ethylene oxide) (PEO), poly(acrylonitrile) (PAN), poly(methyl
methacrylate) (PMMA), poly(vinylidene fluoride) (PVdF), poly(vinyl pyrrolidone) (PVP), and their

derivatives have been suggested to use as the host polymers in PEs [131,132].
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Solid polymer electrolytes (SPEs) have exhibited a wide thermal stability, stretchable, flexible, and
low volatility [133]. Gel polymer electrolytes (GPEs) combine the merits of high ionic conductivity
of the liquid electrolytes and good mechanical properties of the SPEs, which have aroused great
interest [134]. At the same time, the development of composite polymer electrolytes (CPEs) based
on the attempts to overcome the limitations of SPEs, are of great importance. The strategies for
preparation and designing of CPEs have been intensively investigated, including polymer blending,

incorporation of plasticizers, adding ceramic fillers, and so forth [132,135,136].

2.6.5 Inorganic solid electrolytes

Inorganic solid electrolytes (ISEs) are an ideal choice for battery researchers due to their particular
advantages in terms of non-flammable and high ionic conductivity (102 ~ 10 S cm™") [137]. ISEs
can be classified into two categories: oxide solid electrolytes and sulfide solid electrolytes. A series
of oxide solid electrolytes including perovskite, garnet, lithium ion super ionic conductor (LISICON),
sodium ion super ionic conductor (NASICON), y-Li3PO4, and LiPON-related materials, have been
extensively explored in recent years [138]. Sulfide solid electrolytes mainly consist of Li>S and
sulfides, such as Li,S—SiS,, Li,S—P»Ss, and Li,S—GeS; systems. Furthermore, they have much higher

ionic conductivities than oxide solid electrolytes [139,140].

2.6.6 Glyme electrolytes

Poly(ethylene glycol) dimethyl ethers with small » numbers in R;O(CH,CH>).R>, also called end-
capped glymes, are liquid oligomers suitable as aprotic solvents for lithium battery electrolytes [141].
They have been investigated as possible solvents for various lithium salts, such as those employing
the bis(fluorosulfonyl)imide (FSI") [142], bis(trifluoromethanesulfonyl)imide (TFSI") [143],
bis(pentafluoroethanesulfonyl)imide (BESI") [144], and trifluoromethanesulfonate anions (CF3SO;3")

[145].

Indeed, glyme-based electrolytes have demonstrated suitable Li" transport and adequate
electrochemical stability window (ESW) for battery application, higher flash point than carbonate-

based and 1,3-dioxolane/1,2-dimethoxyethane-based solutions [ 146], as well as tunable chemical and
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physical properties by changing the chain length [147,148], which are receiving plenty of attention

in view of their compatibility with the high-energy C/O; and sulfur cathodes [145].

2.6.7 Additives

To ensure a stable lithium/electrolyte interphase at both the positive and negative side, the electrolyte
properties may be possibly improved by the introduction of small quantities of electrolyte additives
(0 to 10 wt.%) [149]. The use of suitable additives remarkably enhanced the electrode passivation

behavior [150], leading to promising cell performances.

Literature works have shown that vinylene carbonate (VC) [151], fluoroethylene carbonate (FEC)
[152], and lithium nitrate (LiNO3) [153] may improve the SEI between electrode and electrolyte. In
particular, it is widely demonstrated that LiNOs-containing electrolytes may form a uniform and
stable anode passivation layer containing both organic (e.g., ROLi and ROCO;Li) and inorganic (e.g.,
Li,NO,, Li3N, and Li>O) species, which can mitigate the parasitic reactions in the cell and limit the
lithium dendrite growth [154,155]. Moreover, LiNO; has been extensively studied in Li-S cells as a
lithium protective agent able to prevent the chemical reduction at the anode side of the long-chain
polysulfides (Li>Sy, 4 < x < 8) [156]. Many works suggested the beneficial effects of LiNOs in cells
using electrolyte solutions of triethylene, tetraethylene, and polyethylene glycol dimethyl ethers with
LiCF3S0; and olivine cathodes [157]. Thus, one of the main purposes in this thesis is focus on the
electrochemical properties of glyme solutions without LiNO; and with a LiNOs additive in lithium

metal batteries.

2.7 Lithium metal battery

Lithium metal anode first appeared in the 1970s, and its research in secondary batteries has been
continuous but slow in the past four decades, not to mention commercialization [158]. Though the
lithium-metal electrode has a theoretical specific capacity as high as 3860 mAh g™ (vs. 372 mAh g
for graphite), the lowest electrochemical potential (3.040 V vs. SHE compared to 2.84 V vs. SHE for

graphite), and a density of 0.59 gecm ™ (vs. 2.25 g cm > for graphite) [159].
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Analogously to graphite, meanwhile, with different features and magnitude, the lithium metal anode
is thermodynamically unstable in most electrolyte solutions. The growth of lithium dendrites on the
lithium surface become uncontrollable during cycling due to the non-uniform current/ion
distributions [119], accompanied by the mossy lithium, leading to the formation of a fragile solid
electrolyte interphase (SEI) layer. Moreover, the unstable SEI layer and the formation of dead lithium
during electrodeposition can further aggravate dendrite growth, leading to rapid capacity fade and
low coulombic efficiency (CE) [160]. In severe cases, the separator is penetrated as the dendrites
connect the cathode and anode, causing battery internal short-circuit even explosion. An adequate
SEI layer is thereby required to kinetically prevent parasitic reactions, which affect anode, electrolyte,
and cycling performance [120], and possibly limit hazardous dendritic growth [161]. Therefore, an
improved lithium/electrolyte interphase is crucial for ensuring, at the same time, fast charge transfer

and electrochemical stability upon long-term cycling [119].

A renewed interest has been recently devoted to the high energy lithium metal anode as LIBs are
approaching the lithium storage limit [162]. Secondary lithium metal batteries might ensure higher
gravimetric and volumetric energy density than lithium-ion ones by properly addressing the metal
electrodeposition and safety issues [120]. Moreover, the high reactivity of lithium metal requires ad

hoc formulations with lower flammability than conventional electrolytes [163].

2.8 Aim of the thesis

The primary goal of this thesis is to identify and develop novel electrolytes for lithium metal batteries

and advanced anode materials for LIBs.

The end-capped glymes based on the formula R;O(CH>CH»).R> are receiving increasing interest
owing to their non-flammability, suitable Li" transport ability, and wide electrochemical window. As
for the anode materials, nickel oxide (NiO) may be electrochemically reduced to metallic Ni and

Li,O, delivering a high theoretical capacity of 718 mAh g .
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The electrolytes and electrode materials are summarized in Chapter 2. The electrochemical
properties of the glyme electrolytes and NiO materials are investigated by various experimental

methods and electrochemical techniques, as described in Chapters 3 and 4.

A comparative electrochemical study is carried out on six solutions in order to clarify the effect of
the electrolyte formulation on the ionic conductivity, the lithium transference number, the
electrochemical stability window, as well as the lithium/electrolyte interphase characteristics under
static and dynamic conditions. Furthermore, Chapter 5 also investigates the electrochemical

properties of glyme-based solutions of various lithium salts as electrolytes for Li/LFP cells.

Chapter 6 studies the effect of a LiNO; addition to the above-mentioned electrolyte solutions. The
cathode/electrolyte interphase behavior during galvanostatic charge/discharge over 200 cycles is
further investigated. Meanwhile, this chapter tests the most optimized formulation over 500
charge/discharge cycles and measures the cell resistance and the coulombic efficiency to propose the
use of LiNOs-containing, glyme-based electrolytes as an effective strategy enabling rechargeable

lithium-metal batteries.

Investigation of the conversion electrodes in full lithium-ion cells appears particularly important
considering the issues in terms of electrode stability upon cycling, working voltage, and coulombic
efficiency. A NiO anode in a lithium-ion battery using the high-performance NCM layered cathode
is thoroughly investigated in Chapter 7. The electrochemical measurements performed with the
support of a lithium reference electrode shed light on the effect of anode and cathode features on the

full cell, thus elucidating the role played by a suitable electrode balancing.

Finally, Chapter 8 summarizes the comprehensive studies and presents the conclusion. Chapter 9
outlines the future research problems, challenges, and opportunities within glyme electrolyte

formulations and transition metal oxide materials from a scientific and practical perspective.
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This chapter mainly describes the various experimental techniques employed in this thesis.
Firstly, a description of the experimental chemical reagents is given. The rest part contains an

overview of the principle of the experimental techniques used.

3.1 Experimental chemical reagents

The lists of the chemicals, materials, and their supplier are presented in Table 3.1.

Chemical Formula or Purity or Supplier
acronym specification
Aluminum Al Battery grade MTI Corporation
Acetone ENSURE Cs3HsO 99% Sigma-Aldrich
Copper Cu Battery grade MTI Corporation
Coin cell CR-2032 Battery grade Hohsen Corporation
Ethanol C,HsOH 99.5% Sigma-Aldrich
Lithium foil Li Battery grade Sigma-Aldrich
Lithium iron phosphate LiFePO4 Commercial product Aleees
Nickel (II) oxide NiO 99.8% Sigma-Aldrich
N-methyl pyrrolidone CsHoNO (NMP)  99.5% Anhydrous Sigma-Aldrich
Polyvinylidene fluoride PVDF 6020 Battery grade Solvay
Super P carbon C Battery grade Timcal
Sucrose Ci12H» 011 99% Sigma-Aldrich

Table 3.1 Primary experiment reagents.
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3.2 X-ray diffraction (XRD)

XRD is a highly versatile, rapid, and non-destructive analytical technique that is extensively
used for the qualitative and quantitative identification of crystallographic structure. The
wavelength of X-rays has a range from 0.01 to 10 nm. Because the specific arrangement of
atoms in the crystal forms a certain crystal plane and subsequently forms a regular diffraction
pattern, the lattice parameters, cell volume, and crystallite sizes in the material can be calculated

from the diffraction pattern.

A formula relating the interplanar spacing, Miller indices, and the lattice constant exists for

each crystal system. For one orthorhombic system, it can be described in Equation 3.1.

]_1/2 3.1)

dpp = [hz/az + kz/bz + 12 c2
Where di is interplanar spacing (nm),
a, b, ¢ is lattice parameters,
h, k, 1 is Miller indices.

A cathode X-ray tube is a vacuum tube where the characteristic X-rays are generated. The
electrons are produced inside this tube by heating a tungsten filament. These electrons are
pushed by applying a high voltage between 20 and 60 kV and then accelerated towards an anode
target (e.g., copper). Once accelerated electrons accumulate sufficient energy to collide with
the atoms’ inner shell, the continuous X-rays spectra are generated. As the components of

spectra, the K, radiations are needed for XRD analysis rather than the Kg or L, radiations.

When a ray of incident X-rays reflects off the surface of crystals, the path difference of the two
waves reflected from successive planes is an integer multiple of the wavelength. Constructive

interference is observed, as graphically presented in Figure 3.1.
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Incident X-rays Diffracted X-rays

Figure 3.1 A simple illustration of the operational principle of the XRD facility.

When the condition for constructive interference is fulfilled, it is defined by the Bragg Law, as

expressed on Equation 3.2.

n-A = 2-dpi1-sinf 3.2)

Equation 3.2 reveals the characteristic relationship between the wavelength (A) and the angle

(0), In this equation,

n is an integer, the order of the reflection,

A is the wavelength of incident wave,

dkni s the interplanar spacing specified by the Miller indices hkl,

0 is angle between the hkl atomic planes with respect to both incidence and reflected beams.

An X-ray tube with copper target produces Cu Kal radiation (A = 0.154 nm), operated at 40 kV
and 40 mA. For the XRD analyses carried out in this thesis, all the powders (LFP, NiO, Ni, and
NiO@C) were measured on a Bruker D8 Advance diffractometer in Unife. The collected data
were subjected to Rietveld refinement, which is a technique used to compare the calculated
XRD value with the observed one by means of MAUD software. It can accurately calculate the
lattice parameters, cell volume, and bond lengths. The calculated XRD diffraction peaks and

the observed one can achieve better fitting through a least-squares fitting procedure to adjust
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the crystal structure parameters and peak shape parameters, thereby obtaining suitable

weighted-profile (Rw,%) and goodness-of-fit (o) values.

3.3 Thermogravimetric analysis (TGA)

In TGA, the changes in the mass of material are monitored as it is put in a crucible by varying
instrument parameters (temperature or time) while being heated at a constant rate. By checking
the weight loss or gain, this technique is very useful to understand the processes that a material
undergoes, such as the loss of chemicals, oxidation of the material, and adsorption of gas.

TGA test in this thesis was conducted using a TGA Q500 from TA instruments in oxidizing
atmosphere (usually refers to air) under flow rate of 50 mL min~'. The sample (NiO@C) was
filled in an alumina crucible (typically with masses around 15 mg) and heated at 10 °C min™

rate over the maximum temperature of 800°C.

3.4 Scanning electron microscopy (SEM)

SEM is a very intuitive and useful technique for surface investigations (morphology, size, and
composition) of the sample, which can produce two-dimensional images (from the nanometer
up to the millimeter scale) by scanning the selected area. In a scanning electron microscope, an
electronic gun produces and accelerates an electron beam. Subsequently, a high-energy electron
beam scans the sample surface by the means of a raster scan pattern. This electron beam
interacts with atoms at different depths and penetrates deep underneath the surface. Several

signals are generated, such as secondary electrons (SEs) and back scattered electrons (BSEs).

The collection of low-energy (less than 50 eV) SEs is the conventional imaging mode in SEM.
In this mode, SEs are emitted only very near the surface of the sample by inelastic scattering.

BSEs are the primary electrons, reflected from the specimen through elastic scattering, which
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are detected by the backscattered electron detector (BSD). Meanwhile, heavier elements appear
brighter than lighter elements in the image because they have more giant nuclei and can deflect
incident electrons more strongly. In addition to that, BSEs present higher energy than SEs,
which can enter deeper into the specimen, providing more information about the sample

morphology. For the imaging of the material, SEs and BSEs are generally collected.

3.5 Energy disperse X-ray spectroscopy (EDS)

EDS is a surface microanalysis technique based on the detection of characteristic X-rays, which
can effectively identify the elements and composition of a specimen. Besides, it is commonly
combined with SEM or TEM. As shown in Figure 3.2, characteristic X-ray emission spectra
consist of spectral series, for instance, K, L, M, etc. When the inner shell of an atom strikes by
the electron beam, the inner shell electron becomes excited and is banished from the atomic
shell, leaving a positively charged electron-hole. The outer-shell higher-energy electrons fill up
the vacancy in the inner shells, accompanied by the release of X-ray beams which are specific

for each element.

Electron beam Kicked;i)ut electron

e
X-ray

Figure 3.2 A simple illustration of the principle of EDS.

SEM images and SEM-EDS spectra acquired during this thesis were recorded through a Zeiss

EVO MA10 microscope employing a thermionic electron gun with tungsten filament and an
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INCA X-ACT Oxford instrument analyzer, respectively. Some SEM images were taken by a

Zeiss EVO 40 microscope at Unife, equipped with a LaBg thermionic gun.

3.6 Transmission electron microscopy (TEM)

TEM has emerged as a powerful and ultrasensitive tool to observe and analyze the morphology
of any given material, which can provide a much higher resolution image than SEM (in the
range of a few angstroms). An incoming electron is transmitted through the specimen to form
an image. The principle of TEM is that the focused and accelerated electrons formed by a
certain voltage are projected onto the extremely thin specimen. After these electrons collide
with the atoms within the specimen, their motive direction will be changed, yielding the
scattering angle, resulting in the formation of a TEM image with different brightness. The TEM
image is magnified, focused, and then shown in the imaging device. The size of the scattering

angle is highly dependent on the density and thickness of the specimen.

A high voltage of 100—300 kV is the essential requirement for the majority of TEM system.

The thickness of a sufficiently thin (less than 100 nm) is a basic choice for the specimen.

In TEM, an aperture that helps to limit the beam size can be inserted, for example, a metal strip
with holes. When a beam of electrons goes through this aperture and is focused on a size-limited
area, some of them will be scattered to particular angles, generating a diffraction pattern, which

is called selected area electron diffraction (SAED).

High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) is
a scanning transmission electron microscope (STEM) technique. High-angle annular darkfield
images are produced using an annular dark-field detector to collect most of the elastically

scattered electrons at high angles.

Energy-filtered transmission electron microscopy (EFTEM) is a very helpful tool for the
characterization of any given material, which can be used to obtain the phase distribution and
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chemical bonding information at the material interface, thus acquiring high-resolution spatial

mapping of elements.

Electron energy loss spectroscopy (EELS) is an effective characterization technique that
monitors the ionization losses of incident electrons after the inelastic interaction with the
specimen. EELS can obtain the physical and chemical information of the surface atoms by using

the energy lost, yielding images with strong contrast effects.

TEM under different imaging modes can be combined with EELS, HAADF-STEM, or EFTEM,
which provide a variety of effective methods for detecting the structure, composition, bonding,
and spin of a specimen on the atomic size as well as understanding the structure-activity

relationship.

In this doctoral work, TEM analyses were conducted on a JEOL JEM-2200FS microscope
(Schottky emitter), operated at 200 kV, equipped with a CEOS’ corrector for the objective lens

and an in-column image filter (Q-type).
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Chapter 4 Characterization techniques

A series of techniques have been used in this thesis, such as chronoamperometry and
galvanostatic measurements. This chapter contains detailed electrochemical and physical

characterization techniques together with their basic principles.

4.1 Electrode preparation

An electrode was prepared by mixing the active material (i.e., LFP, NCM, NiO, Ni@C, and
NiO@C), PVDF, and Super P carbon in a weight ratio of 8:1:1, respectively. These materials
were grinded for about 10 to 15 minutes with NMP solvent, forming a uniform slurry. The
slurry was then brought out and cast through a doctor blade on an aluminum or copper foil,
dried at 70 °C for 3 h to remove NMP. The coated foil was cut into different size of disks (14
and 10 mm), pressed, and dried at 110 °C for 12 h under high-vacuum conditions. The final
electrode was weighed for the battery assembly. The technological process of prepared

electrodes is shown in Figure 4.1, see Chapter 3 in the initial section for chemical acronyms.

Active material
PVDF
m—Mixing and stirring|— Coating
Super P
NMP
Cutting
Weighing <+— |Drying overnight | +—— Pressing

Figure 4.1 The technological process for preparing an electrode.
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4.2 Coin cell assembly

The CR2032 coin cells were assembled in the glove box by using an active material coated
electrode as the working electrode and a Whatman® GF/A glass-fiber as the separator. Lithium
metal foils were served as counter and reference electrodes, and 1 M LiPF¢ in a mixture of EC
and DMC was employed as the electrolyte. First, a lithium foil was cut into a disk (diameter of
14 mm). One spacer was gently pressed into the lithium disk with the aid of tweezers. The
lithium disk glued with a spacer was placed facing upwards on the CR2032 coin cell case
bottom. Subsequently, one separator moistened with electrolyte solution by the aid of a pipette
was put over the lithium disk. The weight of the electrode disk was recorded, and the side with
active material was put facing downwards over the separator sheet. Meanwhile, the other spacer
was placed onto the electrode disk, stainless steel (SS) wave spring was put on it, and then the
coin cell cap was put onto the top of all parts. Finally, the coin cell was pressed to finalize the

battery assembly.

4.3 T-type cell

A typical T-type cell is composed of a three-way polyethylene holder and cylindrical stainless
steel (SS) current collectors, as presented in Figure 4.2. The two-electrode T-type cells were
fabricated by stacking a counter electrode (CE), a separator soaked with the electrolyte solution,
and a working electrode (WE). Meanwhile, a reference electrode (RE) with or without lithium
can be freely used in this cell configuration. Each electrode (WE, CE, and RE) is supported by

one SS current collector.

Because the T-type cell is easily disassembled, the anode can be electrochemically activated by
galvanostatic cycling in a two-electrode T-type half-cell as well as further employed in the
lithium-ion full-cell [164]. As for the electrochemical measurement in lithium cells, using
lithium metal disks as the reference and counter electrodes in three-electrode T-type cells are

the common strategies for analyzing the electrode materials.
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Il

Figure 4.2 Schematic sketch of the three-electrode T-type cell assembly. Modified from Ref.
[164].

4.4 Chronoamperometry

Resort of supplementary means, for example, chronoamperometry method can obtain the
current value for the calculation of lithium transference number. Chronoamperometry is a
technique that investigates the variation of the current response with time, also known as

current transient technique.

The well-known Cottrell Equation (4.1) is used [165], which depicts the observed current as a

function of % (from O to diffusion-limited conditions) after applying a large forward voltage

step over the planar electrode.

[ = nFSCVD
T Vat

4.1)

Where n refers to the number of electrons transferred in the reaction,

F is Faraday constant (around 96485 C mol ),

S is the area of the planer electrode (cm?),
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C and D refer to the concentration (mol cm™) and the diffusion coefficient (cm” s') of the

electroactive species, respectively.

Applying a single voltage step at to, the electrode potential of the initial state (E;) is changed to
the working state (E»), and the redox reaction occurs. The resulting current change is recorded
as well. The alteration of the electrode potential and resulting current with time in the
chronoamperometry are shown in Figure 4.3.

(a) (b)

E !

o t o t

Figure 4.3 In the chronoamperometry; (a) electrode potential vs. time, and (b) the resulting

current vs. time response.

Chronoamperometry technique in this doctoral work was carried out on a VersaSTAT MC

Princeton Applied Research (PAR, AMETEK) potentiostat.

4.5 Electrochemical impedance spectroscopy (EIS)

Since EIS measurements are used extensively through the thesis, this section covers its key
principles in detail. EIS is a versatile and highly sensitive characterization technique for
studying the alternating current (AC) impedance characteristics of any given lithium cell.
Herein, the ionic conductivity (denoted by o), the lithium transference number, and the
characteristics of the Li/electrolyte interphase of the electrolyte solutions were studied mainly

by using the EIS measurements directly or indirectly.
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A small amplitude sinusoidal voltage is used as a disturbance signal to measure the resulting
current response over a wide frequency range. The resulting perturbing (voltage) wave (E;) and

current sine wave (I;) can be given by Equations 4.2 and 4.3:
E. = Eo sin(wt) (4.2)
Ii =1 sin (ot + ) (4.3)
The ratio E¢/I; is defined as the impedance (Z).

It is possible to use the expression similar to Ohm’s law to describe the impedance, described

by Equation 4.4:

7 = E _ E, sin(ot) = Zs sin(ot) (4.4)

I, Iy sin (ot + @) sin (ot + @)
Where o and ¢ are the radial frequency and the phase shift.

By applying Euler's relationship, the cell impedance Z(w) is expressed as a complex function,

as can be seen in Equation 4.5.
Z(w)="Zo(cos ¢ +]sin ) 4.5)
Where Zy and j are the impedance magnitude and the phase shift.

The impedance, Zq, in series is shown by Equation 4.6, whose contributions are additive. The

contributions of Z., in parallel are inverse additive, as described in Equation 4.7.

Zeq=)7n (4.6)

Zeq = (2 —)_1 4.7)

The Equivalent circuit model for EIS is composed of three basic electrical circuit elements in a

combination of series or parallel, namely, resistors (R), capacitors (C), and inductors (L).

The expression for Z(w) consists of a real and an imaginary part. The Nyquist plot can be

applied to analyze the complex impedance function. In an ideal condition, a capacitor in parallel
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with a resistor leads to a perfect semicircle, as represented in Figure 4.4. In this type of chart,
the real part (Z..) and the imaginary part (Zim) lies on the X-axis and the Y-axis, respectively.
The high-frequency data corresponds to the left side of the chart, and the lower frequencies are
put on the right part, as can be seen from Figure 4.4. In this semicircle, the vector (arrow) of

length |Z| represents the impedance. When o equals to zero, R refers to the electrolyte

impedance.

—Z,., (Q cm)

Figure 4.4 Nyquist plot for an ideal capacitor in parallel with a resistor.

According to the Equation 4.8, the ionic conductivity (o) of the electrolyte can be obtained.

o = W (4.8)

Where L is the thickness of the Teflon separator,

S is the inner area of circle on the Teflon separator,

R refers to the electrolyte impedance.

The EIS experiment was performed in an electrochemical cell by applying an alternating
current voltage between the reference and working electrodes as well as measuring the resulting
AC current at the working electrode. In this doctoral thesis, EIS tests were performed mainly
to compare the lithium/electrolyte interphase resistance of different electrolytes and to
investigate the resistance during the cycling tests at different rates by using the selected
electrolyte formulation. The settings of experimental conditions (e.g., frequency of AC

impedance and the applied voltage amplitude) are varying from the chapters.
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4.6 Cyclic voltammetry (CV)

CV is the most widely used voltammetric technique for analyzing the reaction mechanism and

kinetics of the electrode [166].

In the CV test, the electrode potential is swept repeatedly with time (scanning rate: mV s™')
between the initial potential (Eini) and the reverse potential (Ery), as presented in Figure 4.5a.
In the forward scan, the reduction process occurs from Ei; to Ery, namely, A + ¢~ — B. The
resulting current and its peak potential are called anodic current (I,2) and anodic peak potential
(Epa), as revealed in Figure 4.5b. In the reversible process, the potential scans backwardly from
Erev to Eini to cause oxidation (B — e™ — A). Its current and peak potential corresponds to the

cathodic current (I,c) and cathodic peak potential (E,c), respectively.

(a) (b)

Figure 4.5 (a) Cyclic potential sweep, (b) typical cyclic voltammogram.

Peak shape is observed in the CV, which is affected by the diffusion of reactants and the rate
of electron transfer. It should be mentioned that the electrode potential can affect the electrode

transfer rate, but it has no effect on the diffusion speed.

The peak potential difference (AE) deliveries critical information during the redox process

(Equation 4.9).

AE =Ep— Epe (4.9)
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For areversible n ¢ transferred reaction, the ideal potential value of AE is 56.5/n mV. However,

the observed values are usually greater.

4.7 Linear sweep voltammetry (LSV)

LSV is a well-used voltammetric technique for investigating the electron transfer kinetics and

transport properties of the electrochemical systems [167].

This technique is similar to that of CV, but the applied potential is scanned from a lower value
(V1) to an upper one (V>), as described in Figure 4.6a. It is related to simultaneously measuring
the current at a working electrode when the voltage is swept from V1 to V; at a constant rate

between a working electrode and a reference electrode, see Figure 4.6b.

(a) (b)

Vi

Figure 4.6 (a) Linear potential sweep, (b) typical linear sweep voltammogram.

The LSV in this thesis were performed mainly to obtain the ESW of the selected electrolyte,

which contributes to widely investigate the stability of the electrolyte in battery systems [168].

4.8 Galvanostatic measurements

Galvanostatic measurements are generally used to assess the electrochemical properties (e.g.,

capacity retention, cycling stability, and rate performance) of the given material. All the
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electrochemical tests in this doctoral thesis were performed on CR2032 coin-type cells and T-
type cells. It involves applying a constant current to a cell while the capacity and potential are

monitored.

The galvanostatic measurements in this thesis were carried out by means of a MACCOR Series
4000 battery test system. As for the potential ranges and current rates in galvanostatic

measurements, the experimental settings can be found in different chapters.
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Chapter 5 Glyme-based electrolytes for lithium metal

batteries using insertion electrodes

5.1 Introduction

This chapter is based on the content presented in Electrochimica Acta, 306 (2019) 85-95,
entitled “Glyme-based electrolytes for lithium metal batteries using insertion electrodes: An

electrochemical study”, copyright (2019) Elsevier.

Lithium metal cells have been limited mainly to the primary configuration so far, except for a
few examples of rechargeable cells, owing to possible growth of lithium dendrites upon cycling
and low stripping/plating efficiency [169]. The optimization of suitable electrolyte solutions
plays a crucial role in mitigating the issues affecting the lithium metal anode and allowing
reversible electrodeposition processes and low risks of thermal runaways [170]. Glyme-based
electrolytes are typically lowlily flammable with respect to the standard carbonate-based
electrolytes. Their physical-chemical and electrochemical features may be favorably tuned by
changing the ether chain length [145]. High-molecular-weight glymes ensure good thermal
stability and broad electrochemical stability window, although they have high viscosity and

high freezing point [145].

In this chapter, we studied the electrochemical features of glyme-based solutions of various
lithium salts as electrolytes for Li/LFP cells. DEGDME and TREGDME were selected as
suitable solvents to achieve low viscosity, hence higher conductivity with respect to long-chain
glymes [150,171], while either LiFSI or LiTFSI, or LiBETI were chosen as salts. A comparative
electrochemical study was done on the six solutions using a series of electrochemical
techniques, namely, voltammetry, impedance spectroscopy, chronoamperometry, and
galvanostatic cycling measurements. The possible use of the glyme-based solutions in lithium

cells with LiFePOy insertion cathode were also evaluated.
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5.2 Results and discussion

A suitable electrolyte solution for lithium metal battery applications should ensure fast ion
transport to achieve high current density [172]. It is noteworthy that the electrolyte formulation
in terms of ether chain extension and lithium salt composition may play a crucial role by
determining viscosity, ion solvation ability, and ion association degree, i.e., parameters that
strongly affect ionic conductivity and lithium transference number (t") [173]. The ionic
conductivity was investigated by EIS within the temperature range from about 20 to about 80 °C
(Figure 5.1), and the t" number (Figure 5.2) was calculated by the electrochemical method

[174].

Figure 5.1 reveals the expected remarkable effect of the glyme-chain length on the ionic
conductivity, with values of the order of 10> S cm™' for the DEGDME-based solutions (panel
a) and 107 S cm™' for the TREGDME-based ones (panel b), which are normally considered
suitable for battery application [145]. As for the lithium salt composition, EIS suggests that the
anion size controls the charge mobility within DEGDME-based electrolyte solutions, most
likely due to the effects of the anion charge density on the solvation shell characteristics
[175,176]. Thus, the ionic conductivity of DEGDME-based solutions increases as the anion
size increases from LiFSI to LiTFSI and to LiBETI, as demonstrated in Figure 5.1a. On the
other hand, TREGDME-based electrolytes do not exhibit the same trend, while they have ionic
conductivity barely depending on the salt composition (see Figure 5.1b). This observation may
suggest a complex effect of chain length on the ion solvation ability [177], which may be further

investigated using different techniques than electrochemistry.
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Figure 5.1 Ionic conductivity of the (a) DEGDME-LIiTFSI, DEGDME-LiFSI, DEGDME-
LiBETI, and (b) TREGDME-LiTFSI, TREGDME-LiFSI, TREGDME-LIiBETI electrolyte
solutions determined by EIS measurements within the 20 — 80 °C temperature range in

symmetric blocking electrodes cell.

The t" number shown in Figure 5.2 represents the fraction of charge carried by Li" through the
electrolyte solutions. This parameter has been determined at 25 and 50 °C by performing EIS
and chronoamperometry measurements on symmetrical lithium cells. The measurements
indicate a raise of lithium transference number with increasing chain length from DEGDME
(Figure 5.2a) to TREGDME (Figure 5.2b), likely due to stronger solvation of the relatively
big anions promoted by a longer glyme with respect to a shorter one, which decreases the anion
mobility compared to the easily solvated small Li". Meanwhile, increasing anion size reduces
its mobility and consequently leads to the rise of the lithium transference number from LiTFSI
and LiFSI, which exhibit comparable values, to LIBETI (panels a and b of Figure 5.2). These
observations further suggest that the relative size of anion and glyme can control the solvation

characteristics, leading to significant effects on conductivity and Li" transport [176].

Li" transference numbers at 50 °C are represented in Figure 5.2. The results indicate a general
decrease of the t" number by increasing the temperature as likely because of the increase of
anions and solvent molecules motion into the electrolyte and to enhanced solvation, which
hinders the transport of the Li" [177]. Hence, the transference numbers drop from values of

about 0.5 — 0.8, depending on the electrolyte solution, to the values of about 0.3 —0.5.
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Figure 5.2 Lithium transference number at 25 °C and 50 °C of the (a) DEGDME-LiTFSI,
DEGDME-LiFSI, DEGDME-LiBETI and (b) TREGDME-LiTFSI, TREGDME-LIiFSI,
TREGDME-LIBETI electrolyte solutions.

A remarkable effect of the electrolyte composition on the ESW is observed in Figure 5.3 in
which voltammetry experiments are performed in lithium cells employing carbon coated on
metal foils (either Cu or Al). Panels a and ¢ of Figure 5.3 show that the solutions employing
LiBETI have the highest oxidative stability (up to 4.6 V vs. Li"/Li), which suggests possible
application with cathodes that have working voltage above 4.0 V vs. Li'/Li [164], while
solutions using LiFSI reveal the lowest one (about 4.1 — 4.2 V vs. Li"/Li). Intermediate values
of the stability to oxidation are observed for solutions using LiTFSI (about 4.2 — 4.4 V vs.
Li'/Li). On the other side, the rise of the chain length from DEGDME (Figure 5.3a) to
TREGDME (Figure 5.3¢) hardly affects the oxidative stability of solutions using LiBETI salt,
increases one of solutions using LiFSI from about 4.1 to about 4.2 V vs. Li'/Li, and decreases
one of solutions using LiTFSI from about 4.4 to about 4.2 V vs. Li"/Li, thereby revealing a
slight effect of the increasing of chain length from 2 to 3 ether groups, depending on the
chemical nature of the dissolved salt [145]. It is worth mentioning that all the electrolyte
solutions exhibit stability to oxidation suitable for application with LiFePO, olivine insertion
cathode, which operates at about 3.5 V vs. Li"/Li [48]. The high-potential range is surveyed in
panels b and d of Figure 5.3, which show the CV profiles for the DEGDME-based and
TREGDME-based electrolytes, respectively. The first reduction scan in Figure 5.3b reveals

the formation of the SEI over the carbon electrode coated on copper below 1.1 and at about 0.4
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and 0.6 V vs. Li"/Li for DEGDME dissolving LiFSI, LiFTSI, and LiBETI, respectively [178].
The subsequent cycles display for all the DEGDME-based electrolytes reversible
electrochemical processes ranging between 1.4 and 0 V vs. Li'/Li, which may be attributed to
Li" insertion/deinsertion within the carbon material and to possible lithium plating/stripping
[179]. The TREGDME-based electrolytes show a similar voltammetry response in the high-
potential range (Figure 5.3d), with SEI formation over carbon around 1.3, 0.6, and 0.7 V vs.
Li'/Li upon the first reduction scan for LiFSI, LiFTSI, and LiBET]I, respectively, and reversible
lithium insertion and plating below 1.4 V vs. Li"/Li. Therefore, all the electrolytes show suitable
stability to reduction characterized by the absence of parasitic reactions after the first cycle,
which is characterized by a SEI formation at potential depending on the chemical nature of the
dissolved lithium salt, with particular focus on LiFSI, which has the highest value, that is, above

1 Vvs. Li/Li.
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Figure 5.3 Electrochemical stability window of the (a, b) DEGDME-LiTFSI, DEGDME-LiFSI,
DEGDME-LiBETI and (¢, d) TREGDME-LiTFSI, TREGDME-LiFSI, TREGDME-LiBETI
electrolyte solutions determined by LSV (high-potential region, panels a and ¢) and by CV

(low-potential region, panels b and d).
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Figure 5.4 shows the lithium/electrolyte interphase resistance trend upon 30 days of storage of
symmetrical lithium cells as determined by NLLS analysis of impedance spectra [180,181].
Figure 5.4a reveals for the DEGDME-based solutions interphase resistance values increasing
during the first day of aging to about 300 Q for LiFSI, 150 Q for LiTFSI, and 720 Q for LiBETI.
The resistance further rises to 500 Q after 6 days for DEGDME-LiFSI and to 830 Q after 4
days for DEGDME-LIBETI, while gradually decreases to about 300 and 350 Q, respectively,
upon 30 days of cell storage, according to SEI partial dissolution and consolidation phenomena
[122]. Notably, the DEGDME-LIiTFSI solution exhibits lower interphase resistance
characterized by a slight, rather constant increase upon aging, with maximum values below 230
Q. Figure 5.4b reveals different trends of R; for the solutions using TREGDME upon the 1%
day of aging, which depends on the lithium salt. Thus, the electrode/electrolyte interphase
resistance increases during the 1% day from about 110 and 200 Q to 190 and 390 Q for
TREGDME-LIFSI and TREGDME-LIBETI, respectively, while decreases from about 230 to
180 Q for TREGDME-LiTFSI. Afterwards all the TREGDME-based solutions exhibit a
fluctuation of the lithium/electrolyte interphase resistance around 300 Q, thus suggesting
stabilization of the SEI upon 30 days [122]. Figure 5.4 clearly shows lower resistance values
and excellent stability over time towards lithium metal for the DEGDME-LiTFSI, TREGDME-

LiFSI, and TREGDME-LiTFSI compositions.

a b
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Figure 5.4 Lithium/electrolyte interphase resistance for the (a) DEGDME-LiTFSI, DEGDME-
LiFSI, DEGDME-LIiBETI and (b) TREGDME-LiTFSI, TREGDME-LiFSI, TREGDME-
LiBETI formulations in Li/Li symmetrical cells as calculated by NLLS analysis of EIS data
during 30 days of aging at 25 °C.
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Figure 5.5 shows the voltage profiles of lithium stripping/deposition measurements performed
by galvanostatic cycling of symmetrical lithium cells for the electrolytes using DEGDME
(panel a) and TREGDME (panel b). Indeed, Li/DEGDME-LiBETI/Li and Li/DEGDME-
LiFSI/Li cells show a gradual increase of polarization during the first day from about 60 mV to
about 90 mV, while the polarization of the Li/DEGDME-LiTFSI/Li cell increases from about
30 mV to about 40 mV due to the SEI modification by the electrochemical process (Figure
5.5a). Subsequently, the overvoltage of the LVDEGDME-LIiBETI/Li cell slightly decreases to
80 mV and remains rather stable by 10 days of cycling, while the DEGDME-LiFSI and
DEGDME-LIiTFSI solutions exhibit a reduction of the cell polarization to values lower than 30
mV upon cycling, likely due to the already observed partial SEI dissolution and consolidation
phenomena [122]. The data of Figure 5.5a indicate that the cycling test leads to the formation
of a very stable and lowly resistive SEI film for DEGDME solutions using LiTFSI and of
remarkably resistive SEI film for solutions using LiBETI and LiFSI. Interestingly, the
resistance of the cell using DEGDME-LIBETI solution remains stably high by cycling, while
the cell using DEGDME-LIFSI solution gradually decreases, reaching a value similar to

DEGDME-LiTFSI.

The change from DEGDME to TREGDME solvent significantly modifies both the trend and
the steady-state values of cell polarization (Figure 5.5b). Indeed, the cell using TREGDME-
LiBETTI shows an initial polarization of about 30 mV, slightly increasing and stabilizing by 10
days of cycling to about 45 mV, which are remarkably lower values compared to DEGDME-
LiBETI. Analogously, the cell using TREGDME-LiFSI reveals lower initial polarization with
respect to DEGDME-LIFSI, with value decreasing from about 30 mV to about 15 mV by
cycling, while TREGDME-LiTFSI electrolyte shows higher initial polarization value (about 90
mV) compared to DEGDME-LiTFSI during the early stages, which rapidly decreases by few
cycles and stabilizes to at about 35 mV. Figure 5.5 suggests LiTFSI and LiFSI as the most
performing salts in terms of low polarization of lithium stripping/deposition process, and

TREGDME as the preferred solvent.
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Figure 5.5 Voltage profiles of Li/Li symmetrical cells employing (a) DEGDME-LiTFSI,
DEGDMELIFSI, DEGDME-LiBETI, and (b) TREGDME-LIiTFSI, TREGDME-LIiFSI,

TREGDME-LIiBETI electrolyte solutions, cycled at a constant current density of 0.1 mA cm™.
Step time: 1h.

A galvanostatic lithium stripping/deposition cycling in Li/Li symmetrical cells was performed
and repeated after a rest period of 24 h, collecting electrochemical impedance spectroscopy
before and after each test. Figure 5.6 shows the related voltage profiles and the Nyquist plots
of the EIS before the test (Py), after 5 cycles (P2), upon 24 h of rest after cycling (P3), and after

additional 5 cycles (P4) for the various electrolytes.

Very interestingly, the measurements indicate a rather good Li/electrolyte interphase, with low
values of stripping/deposition polarization (limited to values below 20 mV) stable or slightly
decreasing by the ongoing cycles, and slightly changing resistances values upon a time. Hence,

this measurement further demonstrates the suitability of the electrolyte studied herein for

lithium batteries.
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Figure 5.6 Voltage profiles of lithium stripping/deposition galvanostatic cycling tests in
symmetrical Li/Li cells and corresponding Nyquist plots of the EIS before the test (P;), after 5
cycles (P2), upon 24 h or rest after above cycling (P3), and after additional 5 cycles (P4) using
(a) DEGDME-LITFSI, (b) TREGDME-LiTFSI, (¢) DEGDME-LIFSI, (d) TREGDME-LiFSI,
(e) DEGDME-LIBETI, and (f) TREGDME-LiBETL

Additionally, lithium stripping/deposition cyclic voltammetry tests of Li/Cu cells have been
performed using the various solutions studied, as reported in Figure 5.7. The CVs clearly reveal
a polarization and a stripping/deposition magnitude (current) strongly depending on the adopted
salt/solvent combination. Furthermore, the graphs generally indicate a low polarization value
ranging from about 0.05 V to 0.15 V, thus further suggesting the suitability of the studied

electrolytes for battery application.
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Figure 5.7 Lithium stripping/deposition voltammetry tests of Li/Cu cells using (a) DEGDME-
LiTFSI, (b) TREGDME-LiTFSI, (¢) DEGDME-LiFSI, (d) TREGDME-LiFSI, (e) DEGDME-

LiBETI, and (f) TREGDME-LIiBETI. CVs performed within —0.3 and 0.3 V using a scan rate
of 0.1 mVs™.

Various Li/LFP cells employing the electrolyte solutions were assembled and comparatively
studied by galvanostatic cycling at a rate of C/3 (1C = 170 mA g '). Figure 5.8 displays the
cycling behavior (panels a and ¢) and the voltage profiles (panels b and d) for DEGDME- and
TREGME-based electrolytes (Figure 5.8a-b and c-d, respectively). The measurements reveal
a remarkable effect of the electrolyte formulation on the cell performances. The Li/DEGDME-

LiBETI/LFP cell exhibits a reversible capacity approaching 130 mAh g™ ! after initial activation,
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likely because of the wetting of cathode. However, its capacity drops to 0 mAh g ' after 50
cycles (Figure 5.8a) owing to a gradual polarization increase. The Li/DEGDME-LiFSI/LFP
cell exhibits a comparable activation trend and a steady-state capacity (134 mAh g') without
any decay upon 100 cycles. The Li/DEGDME-LiTFSI/LFP cell delivers an initial discharge
capacity of 153 mAh g ' and a stable reversible capacity of 147 mAh g ' at the 100" cycle with
capacity retention as high as 96.1% (Figure 5.8a). Figure 5.8b shows the related voltage
profiles of the 5™ cycle of the various electrolytes. The cells exhibit the typical voltage plateau
of LFP materials centred at about 3.45 V [182] with small polarization. The Li/DEGDME-
LiTFSI/LFP cell shows the best performances in terms of reversible capacity, cycling stability,

and cell polarization among the three configurations (see panels a and b of Figure 5.8).

Panels ¢ and d of Figure 5.8 evidence a similar trend in terms of performances for the
TREGDME-based solution but suitable cycling behavior for the Ly TREGDME-LiBETI/LFP
cell. The cells using TREGDME-LiBETI, TREGDME-LiFSI, and TREGDMELITFSI deliver
steady-state capacities of 137, 144, and 151 mAh g ', respectively, with negligible fading after
100 cycles (see Figure 5.8c). The Li/TREGDME-LiBETI/LFP and Li/TREGDME-
LiTFSI/LFP cells exhibit at the 5™ cycle similar polarization of the process at about 3.45 V
[183], as displayed in Figure 5.8d, while the Li/TREGDME-LiFSI/LFP one has polarization
as low as 7 mV. It is worth noting that Figure 5.8 suggests a difference in the wetting ability
of the cathode by the electrolyte solution among the six compositions investigated. The
solutions using LiFSI are apparently more affected by wetting than those using the large BETI™
anion since they show an activation process leading to a gradual increase of capacity upon
cycling. In contrast, the solutions employing LiTFSI are apparently not affected by the

electrode wettability.

Therefore, both cells using LiTFSI show the most remarkable cycling performances, which
may be ascribed to the high conductivity and favorable lithium passivation properties of the
related electrolyte solutions with low-molecular-weight glymes. The other formulations exhibit
suitable electrochemical behavior for application in lithium metal batteries, except for the

DEGDME-LiBETI, which shows inferior performances.
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Figure 5.8 Galvanostatic cycling at a C/3 rate of Li/LFP cells using (a, b) DEGDME-LiTFSI,
DEGDME-LiFSI, DEGDME-LIiBETI, and (¢, d) TREGDME-LiTFSI, TREGDME-LiFSI,
TREGDME-LIBETI electrolyte solutions in terms of cycling behavior (panels a and ¢) and of
voltage profiles of the 5" cycle (panels b and d).

5.3 Conclusion

In this chapter, the decrease of chain length from triglyme to diglyme led to an increase of the
ionic conductivity from about 107 to about 102 S cm™', and to a decrease of the lithium
transference number. The electrochemical investigation suggested an effect of the anion size
on the cation transference number, with values of about 0.8 for DEGDME-LIBETI and
TREGDME-LIiBETI, 0.7 for TREGDME-LiTFSI and TREGDME-LiFSI, and 0.5 for
DEGDME-LiTFSI and DEGDMELIFSI.

All the electrolyte formulations were electrochemically stable within the potential range from

0 to above 4 V vs. Li'/Li, with decomposition starting at a potential as high as 4.6 V vs. Li"/Li

when LiBETI was employed.
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However, the use of LiBETI affected the formation of a stable and low-resistance SEI over the
lithium metal anode, particularly in the DEGDME solvent. Accordingly, the Li/DEGDME-
LiBETI/LFP cell showed abysmal performance, while the L/ TREGDME-LiBETI/LFP one

exhibited suitable behavior but lower capacity than that of the other TREGDME-based cells.

The LiTFSI-based electrolytes presented the best electrochemical behavior in lithium metal
cells with LFP cathode, delivering reversible capacity ranging from 147 mAh g ' to 153 mAh
g ! during 100 cycles. Such results may be of definite interest to develop suitable electrolytes

for rechargeable batteries employing the high-energy lithium metal anode.

5.4 Experimental section

Prior to electrolyte preparation, the salts were dried under vacuum at 110 °C for 24 h, while the
solvents were dried under molecular sieves (5 A, Sigma-Aldrich) until the water content was
below 10 ppm, as determined by 899 Karl Fischer Coulometer, Metrohm. The electrolyte

solutions are indicated below by the acronyms listed in Table 5.1.

Solvent Salt Acronym

Diethylene glycol dimethyl ether (DEGDME) LiTFSI DEGDME-LiTFSI

Diethylene glycol dimethyl ether (DEGDME) LiFSI DEGDME-LiFSI

Diethylene glycol dimethyl ether (DEGDME) LiBETI DEGDME-LIiBETI
Triethylene glycol dimethyl ether (TREGDME) LiTFSI TREGDME-LIiTFSI
Triethylene glycol dimethyl ether (TREGDME) LiFSI TREGDME-LiFSI

Triethylene glycol dimethyl ether (TREGDME)  LiBETI TREGDME-LIiBETI

Table 5.1. List of solvents and salts used for preparing the electrolyte samples and

corresponding acronyms.
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5.4.1 Electrolyte preparation

Six electrolyte solutions were prepared in an Ar-filled glovebox by dissolving either LiFSI,
(Sigma-Aldrich), LiTFSI (Sigma-Aldrich), or LiBETI (Sigma-Aldrich) in both DEGDME
(Sigma-Aldrich) and TREGDME (Sigma-Aldrich) solvents with a molar concentration of 1

mol kg™'.
5.4.2 Electrode preparation

An electrode was prepared from slurry made of LiFePOs (LFP) powder, polymeric binder
(PVDF 6020, Solvay), and conductive carbon (Super P, Timcal) in weight proportion of
80:10:10, using 1-methyl-2-pyrrolidinone (NMP) as solvent. The slurry was coated on an
aluminum foil (thickness of 15 um, MTI Corporation) through a doctor blade and then dried
for 3 h at 70 °C. The obtained foil was cut into the form of 14 mm disks followed by vacuum
drying at 110 °C overnight. The final active material loading over the electrode foil was about
5.4 mg cm 2. Carbon electrodes coated on either aluminum (Al) or copper (Cu) were also
prepared using the doctor blade technique by casting of Super P carbon and PVdF 6020 (Solvay)
with a weight ratio of 80:20. These electrodes were cut into 10 mm disks and subsequently

dried at 110 °C under vacuum for 12 h.

5.4.3 Electrochemical measurements for electrolyte

The ionic conductivity was studied by EIS within temperature ranging from 20 °C to 80 °C,
using symmetric stainless steel/electrolyte/stainless steel CR2032 coin-cells equipped with a
Teflon separator to fix the thickness. EIS was performed in the frequency range of 500 kHz to

10 Hz with an alternate signal amplitude of 10 mV.

The transference number for the cation (t") of the electrolyte solutions was calculated by means
of the classic electrochemical method [174]. The t" number is given by Equation 5.1.

t+ = Iss (AV—=IyRy)

= 5.1
Iy (AV—-IssRss) 5.1

Where AV is the applied potential,
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Io is the initial current,

Iss is the steady-state current,

Ry and Rgs are the lithium/electrolyte interphase resistance before and after the polarization,

respectively.

Chronoamperometry and EIS measurements were carried out on two-electrode Li/Li
symmetrical T-type cells employing 10 glass fiber separators (Whatman®, GF/D). The increase
of cell thickness due to many separators leads to higher electrolyte resistance with respect to
standard cells using one separator. This condition favors the application of the method proposed
by Evans et al. [174], which allows the determination of t* from a steady-state condition where
the current flow is mainly controlled by the cation transport into the electrolyte bulk, thus

limiting perturbations due to passivating layers at the electrode/electrolyte interphase.

EIS was performed before and after the chronoamperometry over frequency ranging from 500
kHz to 100 mHz with an alternate signal amplitude of 10 mV. Chronoamperometry was carried
out on the cells by applying a voltage of 30 mV for 90 min. The data acquisition at the
polarization starts (close to time 0) and upon the first 300 s was performed by recording 1 point
each 0.05 s, and the maximum current (Ip) was obtained at the time 0.05 s after starting. The
data acquisition near by the steady state upon polarization was performed by recording 1 point

each 10 s, and the minimum current (Iss) was obtained after 90 min.

The initial and steady-state resistances were determined through nonlinear least squares (NLLS)
fit of the impedance spectra by Boukamp package [180,181]. The transference numbers were
measured at least three times. The estimated errors on current and resistance were lower than
1% and 5%, and the chi-square was lower than 10™*. Accordingly, the estimated error associated

with t™ is 10%.

The ESW of the electrolyte solutions was assessed in T-type cells by voltammetry
measurements at a scan rate of 0.1 mV s'. The high-potential range was studied through LSV

employing carbon-coated aluminum as the working electrode. The low-potential range was
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studied through CV within 0.01 — 2 V vs. Li"/Li using carbon-coated copper as the working

electrode.

The characteristics of the Li/electrolyte interphase were investigated by coupling EIS and
galvanostatic cycling measurements on symmetrical Li/Li coin-cells. The Li/electrolyte
interphase resistance upon cell storage was tested via EIS measurements. A frequency range of
500 kHz to 1 Hz was applied with an alternate voltage signal (amplitude of 10 mV). The spectra
were analyzed by the NLLS method through the Boukamp package. Lithium
stripping/deposition galvanostatic measurements were done using a current density of 0.1 mA

cm 2 and a step time of 1 h.

Chronoamperometry and all the EIS measurements were made through VersaSTAT MC

(AMETEK, Princeton Applied Research) potentiostat.

5.4.4 Galvanostatic cycling tests

Electrodes having diameters of 14 and 10 mm were assembled into CR2032 coin-cells (MTI
Corporation) and three-electrodes T-type cells, respectively, in an Ar-filled glovebox (MBraun,
0, and H>O content below 1 ppm). Lithium metal disks were employed as counter and reference
electrodes, and glass fiber (Whatman®, GF/D) was used as separator soaked by the electrolyte
solution. The electrolyte solutions were studied in Li/LFP cells by galvanostatic cycling
through a MACCOR Series 4000 battery test system. The charge/discharge measurements were

performed at a C/3 rate (1C =170 mA g ') between 2.8 and 3.9 V.
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Chapter 6 Towards a high-performance lithium-metal

battery with glyme solution

6.1 Introduction

This chapter is based on the content presented in ChemElectroChem, 2020, 7, 2376 —2388,
entitled “Towards a High-Performance Lithium-Metal Battery with Glyme Solution and an

Olivine Cathode”, copyright (2020) Chemistry Europe.

In Chapter 5, six electrolyte solutions respectively formed by dissolving LiFSI, LiTFSI, and
LiBETI in DEGDME and TREGDME have been fully investigated. The electrolyte
composition had a remarkable effect on the cell performances and indicated the LiTFSI salt in

glyme solutions as the most adequate formulations for possible applications.

It is widely demonstrated that LiNOs-containing electrolytes may form a uniform and stable
anode passivation layer, which can mitigate the parasitic reactions in the cell and limit the

lithium dendrite growth [154,155].

In this chapter, we explore the effect of the addition of LiNOs to the above electrolytes in terms
of cell performances, cycle life, and electrode/electrolyte interphase stability. In particular, the
work sheds light on the different characteristics of various compositions for a possible
application in Li/LFP batteries with expected enhanced safety compared to the lithium cells

using conventional EC/DME solutions.

6.2 Results and discussion

The charge transport ability has been evaluated by coupling ionic conductivity (Figure 6.1a,
main panel), and lithium transference number (t", Figure 6.1a, panel inset) measurements. The
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electrolytes display an ionic conductivity ranging from 107 to 102 S cm™' within the
temperature window from 0 to 80 °C, which is a promising response for a possible application
in lithium batteries [172]. The conductivity values may be interpolated by the Vogel-Tamman-
Fulcher (VTF) equation (see Figure 6.1a) with squared correlation factors (R?) higher than
0.99. The estimated t" values, ranging from 0.60 + 0.06 (electrolyte D) to 0.74 + 0.07
(electrolyte B), suggest high mobility of the Li* for all the investigated solutions. Therefore,
electrolyte B shows the best characteristics in terms of both ionic conductivity (within the range

from 6 x 102 to 8 x 10° S cm ') and Li* transference number (i.e., 0.74 = 0.07).

The ESW of each electrolyte solution has been identified by LSV and CV on two different cells
in the high and low voltage regions, respectively (see Figure 6.1b). The experimental data of
Figure 6.1b indicate a current flow lower than 30 pA cm ™ at 4.3 V vs. Li"/Li for all the
solutions, thus suggesting the possible use in lithium cells with LiFePO,4 operating at 3.45 V
[183]. Furthermore, the figure inset indicates higher oxidative stability for electrolytes B and E,
i.e., using the LiTFSI salts, which fully decompose at a potential up to 4.5 V vs. Li"/Li. Besides,
Al corrosion via dissolution into the electrolyte above 3.5 V vs. Li'/Li cannot be excluded [184].
Very weak peaks, with current flow below 20 pA cm ™ are observed from 3.5 to 4.1 V vs. Li*/Li,
thereby suggesting that the current collector is relatively stable in the solutions within the

potential window of LFP.

As for the low-voltage region, the first cathodic CV scan shows the expected electro-reduction
of LiNOs, which contributes to the SEI formation [150] occurring by a strong current signal
within 1.7 —1.4 V vs. Li"/Li. Figure 6.1b inset reveals voltammetry peaks at about 1.45, 1.52,
and 1.57 V vs. Li'/Li for electrolytes A, B, and C, i.e., using diglyme, and at about 1.49, 1.47,
and 1.47 V vs. Li"/Li for electrolytes D, E, and F, i.e., using triglyme. An additional reduction
likely affecting the SEI composition [185] is observed at a lower voltage, along with Li"
insertion into the carbon electrode and lithium plating, which are partially reversible upon the

subsequent oxidation scan [179].

Figure 6.1c indicates a relatively stable trend with R; values lower than 45 Q (i.e., about 30

Qcm?) during 1 month of storage. The diglyme-based electrolytes exhibit initial SEI
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resistances of about 29.1 £ 0.1 Q (A), 27.7 £ 0.1 Q (B), and 22.9 + 0.1 Q (C), which slightly
vary during the first day. Afterwards, the R; values rise to 31.9 +£ 0.2 Q (A), 27.7 £ 0.1 Q (B),
and 35.7 £ 0.2 Q (C) after 9 days and maintain a stable trend upon 31 days of cell storage with
only a minor increase. The triglyme-based solutions show initial resistances of 40.6+0.1 Q (D),
27.7+0.07 Q, and (E) 25.9 + 0.09 Q (F). As for electrolyte D, R; drops to about 34.1 £ 0.1 Q
after 3 days, then slowly increases to 38.0 = 0.1 Q after 9 days and to 42.6 + 0.1 Q after 30 days,
while electrolyte F exhibits values constantly rising to 38 Q after 20 days. Besides, electrolyte
E shows an initial increase to about 31 Q throughout the first 7 days, followed by a stabilization

and a slight fluctuation.

Figure 6.1c¢ shows a similar decreasing trend of R; during the first days for electrolytes A and
D, i.e., the solutions containing LiFSI, followed by a slight increase. However, R; in Figure
6.1c fluctuates during cell aging in a relatively narrow range (about 10 Q) for all the
investigated formulations, leading to maximum values below 45 Q, which suggest full
compatibility with the lithium-metal anode. Therefore, LiNO; leads to a marked improvement
of the SEI according to the well-known beneficial effects [170], as clearly indicated by a
comparison of the data of Figure 6.1¢ with previous results on similar electrolytes without

additives [185].

The lithium stripping/deposition test in a symmetrical cell (Figure 6.1d) elucidates the stability
of the solutions under the dynamic condition and evidences their compatibility with the lithium-
metal battery [145], which is demonstrated by low overvoltage values (below 10 mV for
electrolyte A, and below 13 mV for all the other electrolytes) during 25 days. Again, the data
reveal a significant improvement compared with the LiNO;-free electrolytes [185], further
demonstrating the crucial role of the additive as a stabilizing agent to enhance lithium-cell
performance. Indeed, Figure 6.1 shows evidence of efficient use of the electrolytes in lithium-

metal batteries.
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Figure 6.1 (a) Temperature dependence of ionic conductivity as obtained by EIS. Inset: lithium
transference number (t") at 25 °C. (b) Electrochemical stability window assessed by LSV (high-
potential region) and CV (low-potential region) at 0.1 mV s of three-electrode lithium cells
using carbon-coated Al and Cu working electrodes, respectively, with magnifications in the
inset. (¢) Time evolution of the lithium/electrolyte interphase resistance as determined by EIS
measurements on symmetrical Li/Li cells. (d) Voltage profiles of lithium deposition/stripping
tests at a constant current of 0.1 mA cm ?on Li/Li symmetrical cells (step time: 1h) with

magnification in inset.

The electrochemical behavior of the solutions is additionally evaluated by assembling and
cycling ata C/3 rate (1 C =170 mA g ") Li/LFP batteries. Figure 6.2 reports the voltage profiles
(panels a, c, e) and the trends of capacity and coulombic efficiency (panels b, d, f) of the cells
using the diglyme-based electrolytes (see panels a—b, c—d, and e—f for electrolytes A, B, and C,
respectively). The voltage curves reveal the typical flat plateau of LFP centered at 3.5 V with
negligible irreversible capacity after the formation of adequate electrode/electrolyte interphases
and possible structural rearrangements in the cathode during the 1% cycle [186]. The cell using
electrolyte A shows an initial polarization of about 160 mV, which gradually increases to 220

mV throughout the measurement (see Figure 6.2a). It is therefore worth noting that the final
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segment of the charge/discharge curves at the 150" and 200" cycles shows a sloping profile of
a diffusion-limited process, thereby suggesting a possible deterioration of the
electrode/electrolyte interphases [77]. Such a change of the voltage profile after 100 cycles (see
Figure 6.2a) adversely affects the energy efficiency and leads to a slight capacity fading from
about 155 mAh g ! at the 100™ cycle to 144 mAh g ' at the 200" cycle despite coulombic

efficiency values above 99% (see Figure 6.2b)
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Figure 6.2 Cycling performances over 200 cycles of Li/LFP cells using electrolytes (a—b) A,
(c—d) B and (e—f) C at a rate of C/3 in terms of (a, ¢, €) voltage profiles of the 1, 5 10™, 25™,
50™ 100™, 150™ 200™ cycles and (b, d, f) discharge capacity with coulombic efficiency (left

y-axis and right- y-axis, respectively).
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The cells employing electrolytes B and C exhibit a similar galvanostatic response but slightly
more pronounced capacity fading (see Figure 6.2¢c—f). Thus, a gradual interphase deterioration
affecting the final segment of the profiles is observed in both cells from the 100™ cycle (see
Figure 6.2¢ and e) in spite of lower polarization values (140 mV for electrolyte B and 130 mV
increasing to 170 mV for electrolyte C). The cells deliver reversible capacities of 155 (B,
Figure 6.2d) and 156 mAh g ! (C, Figure 6.2f), which decrease to 152 and 154 mAhg ! after
100 cycles and to 133 and 135 mAh g ' after 200 cycles, respectively. As observed for
electrolyte A, panels d and f of Figure 6.2 show coulombic efficiency values permanently

above 99% after a stabilization during the initial cycles.

Interestingly, the increase of the glyme chain-length from DEGDME to TREGDME ensures a
significant enhancement of the electrolyte behavior in the cell with the same amount of LiNO3
(0.4 mol kg ). The remarkable effect of the solvent allows for the TREGDME-based cells
stable voltage profiles, which overlap during cycling without any clear sign of degradation of
the electrode/electrolyte interphases (see panels a, ¢, and e of Figure 6.3 for electrolytes D, E,
and F, respectively). Accordingly, the flat curves reflect the signature of the biphasic
electrochemical process of LFP [187], characterized by a constant voltage during charge and
discharge with a low polarization ranging from 140 to 170 mV, slightly increasing after 200
cycles, which suggests fast charge transfer and outstanding cell stability. The batteries deliver
reversible capacities of 153 (electrolyte D) and 154 mAh g ' (electrolyte E and F) after
activation during the first 5 cycles [186], without any decay over 200 cycles, and Coulombic
efficiencies permanently within the range from 99.6 to 99.8% (see panels b, d, and f of Figure
6.3 for electrolytes D, E, and F, respectively). Therefore, the addition of LiNOs to the
electrolytes can effectively enhance cell behavior due to beneficial electrode-passivation
properties, leading to remarkable cell stability [155]. Instead, the triglyme-based electrolytes
with the present formulation exhibit excellent compatibility with the electrode components, as
indeed demonstrated by outstanding cycling performances over 200 cycles. In particular,
electrolyte E, i.e., using LiTFSI, shows the smallest lithium/electrolyte interphase resistance
according to Figure 6.1¢ and the widest oxidative window according to Figure 6.1b.
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Figure 6.3 Cycling performances over 200 cycles of Li/LFP cells using electrolytes (a—b) D,

(c—d) E and (e—f) F solutions at a rate of C/3 in terms of (a, c, ) voltage profiles of the 1*, 5™,
10% 25% 50", 100%™, 150™, 200" cycles and (b, d, f) discharge capacity with coulombic

efficiency (left y-axis and right- y-axis, respectively).

All the cells of Figures 6.2 and 6.3 exhibit the typical flat voltage plateau indicating a Li"

(de)insertion in a biphasic regime before the 100™ cycle. In addition, the voltage curves of the

subsequent cycles reveal that the cell response is mostly affected by the glyme solvent rather

than by the salt, thereby suggesting a possible effect of the ether-chain length on the passivation

layer over the positive and negative electrodes. Thus, the DEGDME-containing cells show two

main domains in the voltage plateau after the 100" cycle, namely (i) an initial biphasic regime
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characterized by a rather constant voltage (initial section of charge and discharge) and (ii) a
final regime presenting a sloping curve (the final section of charge and discharge), while the
TREGDME-containing ones permanently exhibit mainly the typical two-phase response
(compare Figure 6.2a, ¢, and e with Figure 6.3a, ¢, and e). The final domain of Figure 6.2a,
¢, and e might indicate a Li" (de)insertion in the olivine cathode by single-phase, diffusion-

limited kinetics [188], as observed in LFP nanomaterials [187].

However, a possible increase of the cell resistance due to excessive growth of the passivation
layers on anode and cathode during cycling, likewise leading to a decrease of the Li’
concentration in the electrolyte, cannot be ruled out [77]. Furthermore, a sloping profile may
arise from a gradual microstructural reorganization occurring in the cathode during cycling in
terms of crystallite size distribution and surface free energies of the lithiated and the delithiated
phases, possibly producing a change of the biphasic potential, rather than from a different
insertion mechanism [189]. In this respect, a full elucidation of the observed cell responses is
not straightforward. Therefore, additional EIS measurements on the positive and negative

electrodes, and ex situ SEM and XRD analyses of the LFP cathode have been performed.

The EIS investigation on the Li/LFP cells has been carried out by employing a three-electrode
configuration that can reveal the actual contribution of cathode and anode interphases on the
overall cell resistance (Figures 6.4). Thus, impedance spectra of the LFP and Li electrodes
have been recorded at the OCV and after 1, 10, 100, and 200 cycles (see the related Nyquist
plots of main panels and insets of Figure 6.4, respectively). The analysis suggests a remarkable
increase of the overall LFP/electrolyte interphase resistance (XR;) at the 200™ cycle for the cells
using solutions A, B, and C (see Figure 6.4a—c). The lithium/electrolyte interphase resistance
(Figure 6.4a—c insets) fluctuates below 120 €2, indicating that the evolution of the SEI over the
anode during 200 cycles does not significantly hinder the Li" diffusion [190]. As for solutions
D, E, and F, EIS indicates rather stable interphases over both LFP and Li, with ZR; values
permanently below 150 Q during 200 cycles. Notably, the results of Figure 6.4 indicate an
excellent stability of the lithium/electrolyte interphase both under static and dynamic conditions
for all the investigated formulations, although particular glyme-based compositions may be
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poorly compatible with lithium metal [191]. Therefore, the significant increase in
cathode/electrolyte interphase resistance for the DEGDME containing cells might partially

account for the capacity fading observed in Figure 6.2.
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Figure 6.4 Nyquist plots of EIS measurements of the (main panels) positive LFP and (inset)
negative Li electrodes performed in three-electrode T-type cells, using lithium metal as the
reference electrode and solutions (a) A, (b) B, (¢) C, (d) D, (e) E, and (f) F as the electrolyte;
spectra recorded at the OCV and after the 1%, 10™ ,100™, and 200" cycles at a 2C rate.

SEM images and XRD patterns of the LFP electrodes before and after 200 cycles in the lithium
cells are shown in Figure 6.5 (pristine LFP) and Figure 6.6 (LFP after cycling). The LFP
material is formed by spherical micrometric agglomerates of LiFePOs nanometric primary
particles, as shown in Figure 6.5. Such a tailored morphology ensures a high tap density and

excellent charge/discharge performances in lithium cells.
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Figure 6.5 SEM images at two different magnifications of pristine LFP.

As widely discussed in the manuscript and shown in Figure 6.6, the electrolyte formulation
may adversely affect the microstructure of the cathode material leading to a capacity decay
during long term cycling. SEM suggests the deposition of a passivation layer over the spherical
agglomerates of primary LFP particles along with a minor rearrangement occurring in the
spherulites, possibly due to structural modifications. Such phenomena are particularly relevant
for electrolytes B and C and partially in agreement with the EIS response of the positive

electrode (Figures 6.4).

XRD reveals an increase in the full width at half maximum (FWHM) for the olivine during
cycling (see Figure 6.6g and h), which might be associated with the change in voltage profile
slope for the DEGDME-containing cells (see Figure 6.2a, ¢, and e). Indeed, a significant
decrease in the average crystallite size typically observed as a broadening of the diffraction
peaks may affect the voltage profile by changing either the local biphasic voltage or the
insertion mechanism from a two-phase transformation to a single-phase, diffusion-limited

process.
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Figure 6.6 (a—f) Ex situ SEM images of the LFP electrodes recovered from the lithium cells
analyzed, disassembled after 200 cycles at a rate of 2C. Cells using electrolytes (a) A, (b) B,
(¢) C, (d) D, (e) E, and (f) F. (g—h) XRD patterns of the same LFP electrodes materials (using
electrolyte (g) A, B, and C, and electrolytes (h) D, E, and F) and of a pristine LFP electrode.

A detailed study of the electrolyte E (LiTFSI-LiNO3-TREGDME) was carried out to assess the
Li/LFP cell behavior upon long-term cycling by coupling galvanostatic charge/discharge and
impedance measurements. Figure 6.7a reports the cycling response of the cell at 1C, 2C, and
5C rates as a trend of discharge capacity and coulombic efficiency. After the initial
electrochemical activation of the LFP cathode, the battery delivers capacities of about 147 mAh
g 'at 1C and 138 mAh g ' at 2C and 5C rates, slightly decreasing to 144, 137, and 131 mAh
g ' at the 200" cycle. Coulombic efficiency values approaching 100% indicate reversible
reaction with low electrolyte decomposition rate and suggest stable electrode/electrolyte
interphases. This trend appears remarkable, particularly considering the relatively high current
rates used for cycling (that is, 1C, 2C, and 5C). However, the discharge capacity decreases to
values within the range from 103 and 106 mAh g ' at the 500" cycle. Hence, the partial fading
likely suggests possible effects of the cycling conditions on the phenomena occurring in the

cell [192]. The stability of electrode/electrolyte interphases at both the anode and the cathode

sides may play a crucial role in the cell response upon prolonged charge/discharge cycles [193].
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Figure 6.7 (a) Galvanostatic cycling trend in terms of discharge capacity with coulombic
efficiency (left y-axis and right- y-axis, respectively) over 500 cycles of a Li/LFP cell using
electrolyte E (LiTFSI-LiNO3-TREGDME) at 1C, 2C and 5C rates. (b, ¢, d) Nyquist plots of
EIS measurements performed on the Li/LFP cell using electrolyte E during the cycling tests at
(b) 1C, (¢) 2C, and (d) 5C rates. Impedance spectra (e) were carried out at OCV, after the 1%,
200" and 500™ cycle.

EIS measurements carried out during cycling may elaborate the cell resistance trend throughout
the tests. Thus, panels b, ¢, and d of Figure 6.7 display the evolution of the related Nyquist
plots at 1C, 2C, and 5C rates, respectively. Each spectrum consists of overlapped high to-middle
frequency semicircles and a middle-to-low frequency response, which substantially modifies

from the OCV to the following cycles. These impedance features are likely attributed to the
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passivation films and charge transfer processes at the electrode/electrolyte interphases as well
as to Li" diffusion phenomena and geometrical capacitance [194]. As mentioned, EIS reveals a
remarkable change in the low-frequency region from a quasi-capacitive to a diffusion-type
response after the 1% cycle, along with a significant decrease of the overall interphase resistance
(ZR;, see Figure 6.4e). This drop may partially account for the electrochemical activation (an

increase of capacity) observed during the very first cycles of the galvanostatic measurement

(Figure 6.7a).

Crate  Cycle life Equivalent Circuit e YRi(Q,i=1,2,...,n)
1C OCV R(RIQDR2Q2)(R3Q3)Q, 9.5 x 107 140 + 10
1C 1 cycle Re(R1Q1)(R2Q2)(RaQq) 82x107 82+7
1C 200 cycles Re(R1Q1(R2Q2)(RaQq) 3.6x107° 83+7
1C 500 cycles Re(R1Q1)(R2Q2)(RaQq) 24x107° 74+£2
2C ocv R:(RiQDR2Q2)(R3Q3)Q; 3.1 x107° 181+7
2C 1 cycle Re(R1Q1)(R2Q2)(R4Qq) 3.9x107 100 =20
2C 200 cycles Re(R1Q1)(R2Q2)(RaQq) 26x107° 78+ 6
2C 500 cycles Re(R1Q1(R2Q2)(RaQq) 26x107° 90+ 10
5C OCV R(RiIQD(R2Q2)(R3Q3)Q, 7.1 x 107 110+ 10
5C 1 cycle Re(R1Q1)(R2Q2)(RaQq) 1.3x107* 70 £ 10
5C 200 cycles  Re(RiQ1)(R2Q2)(R3Q3)(RaQq) 9.8 x 107° 80+ 10
5C 500 cycles Re(R1Q1)(R2Q2)(RaQq) 6.4x107° 77+4

Table 6.1 NLLS analysis of EIS data collected throughout galvanostatic cycling tests at 1C,
2C, and 5C rates of electrolyte E (LiTFSI-LiNO3;-TREGDME) in a Li/LFP cell. In detail: C
rate, cycle life, equivalent circuit, %, and sum of electrode/electrolyte interphase resistances

QRi, Q,i=1, 2, ..., n) at high-medium frequency.

However, the NLLS analysis suggests a hindering to the Li* diffusion over the following cycles
with relatively stable high-to-middle frequency resistance values. Although the slow Li"
diffusion might partially reflect the capacity fade trend at the various rates, the favorable

characteristics of the interphases at the anode and the cathode sides (Figure 6.7e and Table 6.1)
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ensure a promising cell behavior over 500 cycles (Figure 6.7a) for a possible application of the
glyme-based electrolyte. Relevantly, the absence of any dendrite evolution, the relatively high
delivered capacity (i.e., over 100 mAh g') at elevated current rate of 5C, and capacity retention
exceeding 70 % after 500 cycles are considered remarkable results which may conduce to the

development of a rechargeable lithium-metal battery operating at room temperature.

6.3 Conclusion

The six solutions exhibited room-temperature ionic conductivity within 10~ and 102 S cm™!
and lithium transference numbers higher than 0.6. Cyclic voltammetry suggested that the LiNO;
reduction between 1.7 and 1.4 V vs. Li'"/Li may lead to a stable lithium/electrolyte interphase
with low resistance (ranging from 20 to 30 Q) and suitable lithium plating/stripping for
prolonged cycling. Oxidative stability over 4.3 V vs. Li"/Li ensured promising electrochemical
performances in Li/LFP cells with a reversible capacity of the order of 150 mAh g™ at a C/3
rate and coulombic efficiency above 99% upon 200 cycles. However, the diglyme-based cells
showed a capacity fading to about 140 (for LiFSI) and 130 mAh g ' (LiTFSI and LiBETI),
while the triglime-based ones exhibit an outstanding performance without any evidence of
degradation after 200 cycles and coulombic efficiency values above 99.6%. Notably, a change
in voltage profile slope occurring in the cells using the diglyme may be directly associated with
the observed capacity fading and a concurrent increase of the cathode/electrolyte interphase

resistance.

Indeed, EIS and SEM measurement suggested the precipitation of a passivation layer on the
positive electrode, while the SEI over the lithium-metal anode appears to be relatively stable
and suitably permeable to the Li" ions. Moreover, cycling with diglyme possibly leads to a
decrease in the average crystallite size of the olivine phase, as suggested by ex situ XRD, and

minor rearrangements of the primary particles forming the LFP spherulites.
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Among the various electrolyte formulations, the one using triglyme, LiTFSI, and LiNOs was
selected as the most promising combination. Therefore, EIS measurements throughout
galvanostatic charge/discharge tests for 500 cycles indicate a capacity of about 150 mAh g ' at
1C, and 140 mAh gf1 at 2C and 5C rates, which decrease to values within 103 and 106 mAh
g ', as well as relatively stable SEI and charge transfer resistance at medium-high frequency
ascribed to coulombic efficiency values approaching 100%. These results suggested the
possible applicability of glyme-based, LiNOs-containing solutions in high-energy lithium-

metal batteries.

6.4 Experimental section

Prior to electrolyte preparation, the salts and the solvents were dried under the same conditions
as last Chapter 5. Table 6.2 reports in detail the electrolyte compositions and sample acronyms

(that is, A—F, respectively).

Salt 01 Salt 02 Solvent Acronym

LiFSL; 1 molkg  LiNOs; 0.4 molkg! DEGDME  (A) LiFSI-LiNO3;-DEGDME
LiTFSL; I mol kg LiNOs; 0.4 molkg' DEGDME  (B) LiTFSI-LiNO3;-DEGDME
LiBETL; 1 molkg! LiNOs; 0.4 molkg! DEGDME  (C) LiBETI-LiNOs-DEGDME

LiFSL 1 molkg!  LiNOs; 0.4 molkg! TREGDME (D) LiFSI-LiNO;-TREGDME
LiTFSL; I mol kg LiNOs; 0.4 molkg' TREGDME (E) LiTFSI-LiNOs-TREGDME

LiBETI; I molkg! LiNO;; 0.4 molkg! TREGDME (F) LiBETI-LiNO;-TREGDME

Table 6.2 Overview of all electrolyte solutions and corresponding sample acronyms (A—F).
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6.4.1 Electrode preparation

Six electrolyte solutions were obtained by dissolving the LiFSI (Sigma-Aldrich), LiTFSI
(Sigma-Aldrich), LiBETI (Sigma-Aldrich) salts either in (CH3;OCH,CH,)O (DEGDME,
Sigma-Aldrich) or CH3(OCH,CH,);OCH3; (TREGDME, Sigma-Aldrich) solvents respectively,
by using a concentration of 1 mol kg™' with respect to the solvent. LiINO; was added to the

solutions with a concentration of 0.4 mol kg with respect to the solvent.

6.4.2 Electrolyte characterization

The ionic conductivity of the electrolyte solutions was measured within the temperature range
from 0 to 80 °C by EIS through a Princeton Applied Research Potentiostat/Galvanostat (PAR,
VersaSTAT MC), employing an amplitude of 10 mV within the frequency range of 500 kHz to
10 Hz. EIS was performed on symmetric stainless steel/electrolyte/stainless steel CR2032 coin-
cells, employing a Teflon separator to fix the cell constant. Each conductivity value was
measured every 10 °C during a cooling scan, after at least 6 h of cell conditioning at a constant

temperature.

The ¢ number was calculated by the electrochemical method [174] through combining
chronoamperometry and EIS tests. Accordingly, " was calculated by following Equation 6.1

[174]:

+ _ Iss (AV—IyRy)
=S5 7 070 6.1
Iy (AV—IssRss) (6.1)

where /o and Iss refer to the initial and steady-state current values of the chronoamperometry

measurements, respectively.

Ry and Rgs represent the charge-transfer resistance between lithium and electrolyte before and

after polarization, respectively.

AV is the applied voltage.
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Ry and Rgs were calculated by NLLS analysis of the impedance spectra [180], in which the
Warburg region at low frequency has not been considered [195-197]. Chi-square parameters

below 10 further confirm the reliability of the fitting method.

Chronoamperometry was carried out on two-electrode, T-type symmetrical Li/Li cells, by
applying a 30 mV (AV) direct current (DC) pulse for 90 min, while EIS measurement was
performed by using an AC signal (10 mV amplitude) over the frequency range of 500 kHz to
100 mHz. Chronoamperometry was performed by adjusting the time intervals for data
collection in order to get accurate I, and Iss values: intervals of 0.05 and 10 s point™' were used
within the time ranges from 0 (initial state) to 300 s and from 300 s to 90 min (steady-state),
respectively. The cells for ¢* employed 10 glass fiber separators to increase the electrolyte
resistance and allow the accuracy of the method [185]. The experiment for ¢~ determination was
performed through a Princeton Applied Research Potentiostat/Galvanostat (PAR, VersaSTAT
MC). The errors on ¢* were estimated to be within 0.06 and 0.07 (i.e., 10%), taking into account
errors on current and resistance lower than 1% and 5%. The transference numbers have been
measured at least three times, taking care the very first current values as Iy. In spite of the
relatively low error on ¢*, possible further deviation due to intrinsic instability of the SEI during
the measurement leading to an increase of the electrode/electrolyte interface resistance cannot

be discounted.

The ESW was investigated by LSV and CV at a scan rate of 0.1 mV s™' in high-potential and
low-potential range, respectively. The LSV measurement was conducted from the OCV (about
3 V) to about 5 V vs. Li’/Li, in which the lithium-metal disks were employed as the counter
and reference electrodes along with the carbon-coated aluminum as the working electrode
(three-electrode T-type configuration), while the CV test was performed within 0.01 —2 V vs.
Li"/Li potential range by using the same cell configuration with carbon-coated copper as the
working electrode. The LSV and CV measurements were performed via a Princeton Applied

Research Potentiostat/Galvanostat (PAR, VersaSTAT MC).

EIS measurements on symmetrical Li/Li coin-cells were performed upon aging for 31 days to

study the stability of lithium/electrolyte interphase using an alternate voltage with 10 mV
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amplitude within a frequency range of 500 kHz to 100 mHz, through SP-200 system a SP-200
Potentiostat (Bio-Logic Instrument). The EIS measurements have been repeated twice in order
to confirm the trends of interphase resistance. The lithium stripping/deposition process was
investigated by using symmetrical Li/Li coin-cells through a HI1001SM8A system (Hokuto
Denko Co.). A constant current of 0.1 mA cm 2 was applied to the cell by alternating charge
and discharge steps of 60 min. All the measurements, except the EIS to estimate the ionic

conductivity, were performed at 25 °C.

6.4.3 Tests in lithium-metal cell

The electrolyte solutions were studied in Li/LFP coin-cells by galvanostatic charge/discharge
cycling ata C/3 rate (1C = 170 mA g ') using a voltage range of 2.8 — 3.9 V. These experiments
were carried out through a HJ1001SM8A system (Hokuto Denko Co.). EIS measurements were
done on 3-electrode T-type Li/LFP cells using a lithium probe at the OCV as well as after 1%,
10™,100™, and 200" cycles. These cells were cycled at a 2C rate upon 200 cycles using a voltage
range of 2.8 — 4.0 V with a battery test system (MACCOR Series 4000) in a two-electrode
configuration. EIS spectra was collected in the frequency range from 500 kHz to 20 mHz with
an alternate voltage of 10 mV amplitude through a Potentiostat/Galvanostat (Princeton Applied
Research, VersaSTAT MC). The data were analyzed through a NLLS fit procedure [180], using
an equivalent circuit that takes into account a high-frequency response ascribed to the
electrolyte resistance (R.), a middle-high frequency response attributed to n interphase
pseudocapacitances (Q;) and resistances (R;) reflecting the passivation layer, the charge transfer
and the double layer (i=1, 2, ..., n), and a low-frequency pseudocapacitance attributed to the

Warburg-type Li" diffusion [198].

Li/LFP coin-cells using the E solution (see Table 6.2 for the acronym) were also tested at 1C,
2C, and 5C rates upon 500 cycles within the 2.8 —3.9V,2.8—-4.0 V, 2.0 —4.1 V voltage ranges,
respectively. EIS measurements were carried out during the 500-cycle tests at the OCV, 1%,
200™ and 500" cycles, respectively. The EIS measurements were recorded within the frequency
range from 500 kHz to 100 mHz (an amplitude of 10 mV) through a Princeton Applied

Research Potentiostat/Galvanostat (PAR, VersaSTAT MC). All the cycling tests and the related
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EIS measurements were conducted at room temperature (25 °C). All the EIS spectra were

analyzed by the Boukamp software according to an NLLS method [180].

6.4.4 Ex Situ analysis of the cycled LFP electrodes

Structure and morphology of the LFP electrodes before and after 200 cycles in the various
lithium cells using glyme solutions were investigated by XRD and SEM. After cell disassembly,
the cathodes were rinsed with DMC to remove possible residuals and dried under vacuum for
about 3 min. XRD experiments were carried out through a Bruker D8-Advance instrument with
Cu Ko radiation. XRD patterns were recorded in the 20 range from 10 to 80° with a step size
of 0.02° and a rate of 10 s step '. SEM images were taken by a Zeiss EVO 40 microscope,

equipped with a tungsten thermionic source.
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Chapter 7 Electrochemical behavior of nanostructured

NiO@C anode in a lithium-ion battery

7.1 Introduction

This chapter is based on the content presented in Journal of Alloys and Compounds, 844 (2020)
155365, entitled “Electrochemical behavior of nanostructured NiO@C anode in a lithium-ion

battery using LiNi;3Coi3Mn;30; cathode”, copyright (2020) Elsevier.

Nanosized metal oxides with chemical formula M,O, (where M is typically a transition metal)
may reversibly react in lithium cells by a multi-electron conversion mechanism leading to the
formation of My nano-domains embedded into a Li,O matrix [107]. In spite of the attractive
capacity in lithium cells, the conversion reaction is characterized by massive microstructural
rearrangements, mostly leading to substantial volume changes of the electrode material and
large voltage hysteresis, which may adversely affect the reversibility and efficiency of the
process [199]. Careful tuning of the morphological features of metal oxide-carbon composites
and carbon-coated metal oxide electrodes is a crucial requirement to effectively enhance the

conversion reaction whilst limiting possible parasitic processes [116].

Electrochemical studies suitably combining material optimization in terms of structure and
morphology, investigation in half-cells, and full-cell demonstration are considered crucial for
this class of materials [6]. However, only a few works investigated the actual behavior of NiO
anodes in lithium-ion cells [97,200] despite the tremendous amount of literature on the
conversion-anode performance in half-cell configuration [110,201,202], even though a detailed
investigation in the full cell employing a conventional cathode, such as LiNi;;3Co13Mn;;302

(NCM), is considered to be essential to assess the actual applicability [203].
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Within this research context, a NiO anode in a lithium-ion battery using the high-performance
NCM layered cathode was studied. Structure, morphology, and composition of the NiO
composite material are carefully controlled by a two-step method involving carbon
precipitation on metal-oxide nanoparticles in a reducing environment followed by oxidation at
moderate temperature. The Li-conversion process of the NiO electrode in the cell was

characterized exhaustively, thereby revealing promising behavior for possible applications.

7.2 Results and discussion

The dry mixture of sucrose and NiO was under an argon flow heated at 120 °C for 10 h and
subsequently heated at 600 °C, held at 600 °C for 3 h to obtain Ni@C (step 1). Afterwards, the
samples were under a dry air flow heated at 380 °C for 48 h to get NiO@C (step 2). Figure 7.1
depicts the sucrose addition to bare NiO followed by pyrolysis (step 1) and the subsequent mild

oxidation of the Ni@C intermediate to form the NiO@C material (step 2).

Ni@C NiO@C

NiO
_ T < )
° Nl N
1. / 2. 380 °C, 48 h, Air flow :‘.’p *
[ .
s A J

m ® NiO

'y 600 °C, 3h, Ar flow % b
0 Image of Fig

Figure 7.1 (step 1) sucrose precipitation on bare NiO followed by pyrolysis at 600 °C under an

Ar flow; (step 2) mild oxidation of the Ni@C intermediate by heating at 380 °C under an air
flow to form the NiO@C material.

The structural evolution of the composite electrode during the synthetic steps is reported in
Figure 7.2. The indexed XRD patterns of NiO, Ni@C, and NiO@C reveal substantial phase
changes promoted by the various treatments, with full reduction of the pristine NiO (ICSD #

9866) to Ni metal (ICSD # 260169) upon annealing in argon atmosphere (step 1), and its
85



Chapter 7 Electrochemical behavior of nanostructured NiO@C anode in a lithium-ion battery

subsequent oxidation after mild thermal treatment under air (step 2). Furthermore, the figure
evidences that the final NiO@C sample contains NiO as the main phase along with traces of
metallic nickel, thus suggesting partial oxidation during step 2 [204]. The absence of graphite
peaks might suggest that the carbon coating produced by sucrose pyrolysis has low crystallinity.
Therefore, the presence of the lowly crystalline carbon and traces of metallic Ni can suitably
increase the electronic conductivity of the electrode material, thus possibly enhancing its

electrochemical behavior in lithium cells [204].

A thermogravimetric analysis (TGA) under an air flow (Figure 7.2b) shows that the NiO@C
powder undergoes weight change due to concomitant oxidation of C (weight loss) and Ni
(weight increase), thereby leading to a final raise of 0.77% with respect to the initial mass. The
Rietveld analysis of the XRD patterns of NiO@C indicates a Ni weight fraction of the
crystalline domains of about 0.04 (see Table 7.1). Therefore, the carbon content in NiO@C

was estimated below 4 wt.% considering the full oxidation of Ni to NiO upon the TGA scan.

101.0

NiO@C (a) o0 (b)
j & 3 100.6-
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Figure 7.2 (a) XRD patterns of pristine NiO, Ni@C (after step 1), and NiO@C (after step 2).
(b) TGA with a heating rate of 10 °C min "' between 30 and 800 °C under an air flow with rate
of 50 mL min~' (mass percent: left Y-axis), with suggested reactions occurring in the sample

and mass percent variation in the inset.

A Rietveld refinement of the XRD patterns [205] indicates a Ni metal content in NiO@C of 4
wt.% with regard to the overall weight of the crystalline domains, and crystallite size of about

34 nm for the NiO phase and 140 nm for the Ni one (see Table 7.1). The patterns of both Ni
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and NiO have been indexed to reference structures with cubic unit cell and space group (ICSD
# 260169 and # 9866), despite the known rhombohedral distortion of the NiO crystal lattice at

room temperature, which does not affect the X-ray reflections and, therefore, can be neglected

in this study [46.,47].
Weight Crystallite
Phase Space group a’A V/A3 GOF(6) Rwp%
fraction% size/A
NiO  Fm3m(No.225)  0.96:0.02  340.1£0.3  4.1794(1)  73.006(8) 1.6 9

Ni  Fm3m(No.225)  0.04£0.02  1400£100  3.5278(2)  43.905(7)

Table 7.1 Results of Rietveld refinement for NiO@C in terms of space group, weight fraction,
crystallite size, lattice parameter, unit cell volume of the crystalline NiO and Ni phases, along

with good-of-fit (GOF, o) parameter and weighted-profile R factor (Rw,%).

The morphology and structure of the sample has been thoroughly studied using SEM, HRTEM,
HAADF-STEM, and ZL-TEM imaging. Accordingly, SEM, HAADF-STEM, and ZL-EFTEM
imaging of bare NiO (Figure 7.3a, b, and c, respectively) reveal aggregates with size ranging
from 100 nm to 5 pum of nanometric grains (approximately between 5 and 20 nm), while
elemental mapping (Figure 7.3d and e) and HRTEM analysis (Figure 7.3f) show the expected
homogeneous distribution of Ni and O over the specimen and indicate a crystal structure in full
agreement with the XRD patterns (ICSD # 9866), as clearly evidenced by the results of the fast
Fourier transform (FFT, Figure 7.3f inset). Sucrose and NiO oxide reduction under an Ar flow
(step 1) yields to Ni particles embedded in a carbon matrix, including residual O traces (below
5 wt.%). In detail, SEM, HAADF-STEM, and EFTEM analyses (Figures 7.3g—k) reveal nickel
metal particles and clusters, mostly ranging from 10 nm to a few micrometers. HRTEM imaging
of a Ni grain enclosed in a carbon shell indicates the crystalline cubic structure with the Fm3m
space group (ICSD # 260169; Figure 7.31) for the core and an amorphous nature for the outer
layer. Hence, controlled oxidation of the Ni core (step 2) gives rise to a NiO@C material with

similar morphological characteristic features to those of pristine NiQO, in spite of expected slight
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growth of the primary oxide grains forming the aggregates up to values approximately between
10 and 50 nm due to the thermal treatments (see the SEM, HAADF-STEM, and ZLTEM images
of Figure 7.3m, n, and o). Moreover, EFTEM elemental mapping and HRTEM imaging
(Figure 7.3p—r) suggest partial segregation of amorphous carbon and NiO oxide aggregates
with cubic crystal structure with the Fm3m space group (ICSD # 9866). It is worth noting that
nanograin agglomeration in micrometric and/or submicrometric cluster may ensure a suitable
tap density in the electrode and fast reaction kinetics due to short electron paths [80,206], while
a low carbon content (below 4 wt.% in the composite) may lead to a relevant gravimetric
capacity. Besides such promising morphological characteristics for an application in lithium-
ion cells, the NiO@C electrode is expected to benefit from conductive Ni metal particles,

possibly enhancing the rate capability.

Figure 7.3 Electron microscopy analyses of (a—f) bare NiO, (g-1) Ni@C, and (m-r) NiO@C
powders. In detail: (a, g, and m) SEM images of the three samples (magnified views in the
insets); (b, h, n) HAADF-STEM images; (¢, i, and 0) ZL-TEM images and (d and e, j and k, p
and q) corresponding EFTEM elemental maps, showing the distribution of (d, j, and p) C+ O
(green and blue, respectively) and C + Ni (green and red); (f, 1, and r) HRTEM images and
corresponding fast Fourier transforms (FFTs) results indexed to the (f and r) ICSD # 9866 and
() ICSD # 260169 reference structures.
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The sample composition has been investigated by elemental mapping upon SEM-EDS (Figure
7.4) as well as by EELS (Figure 7.5). No clear edge is visible for carbon in the EEL spectra of
NiO@C, although it is still possible to obtain quantitative information suggesting a weight ratio
below 5%, in full agreement with the value suggested by EDS analyses. Low carbon content is
revealed by SEM-EDS (below 4 wt.%, Figure 7.4), along with the absence of a clear edge for
carbon in the EEL spectra (Figure 7.5), thus confirming the more accurate estimation by XRD
and TGA data (below 4 wt.%). Carbon content in Ni@C between 54 and 62 wt.% is detected,
according to SEM-EDS and EELS (see Figure 7.4¢c, d, and Figure 7.5a). The data, shown in

Figures 7.3, 7.4, and 7.5, confirm significant rearrangements of pristine NiO particles after the

subsequent thermal treatments.

(@) (b)

Figure 7.4. SEM-EDS elemental mapping of (green; a, ¢, and e) Ni, (blue; b and f) O, and (red;
d, inset of panel f) C, over the particles of (a and b) bare NiO, (¢ and d) Ni@C), and (e and f)
NiO@C.
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Figure 7.5 EELS acquired at (a and c) K ionization edges of C, O, and (b and d) at the L3
ionization edge of Ni in (a and b) Ni@C and (¢ and d) NiO@C.

The conversion process of NiO and NiO@C has been comparatively characterized by coupling
CV and EIS measurements in three-electrode cells. Figure 7.6 reports the related voltammetry
profiles upon 3 cycles, and the Nyquist plots (Figure 7.6 insets) recorded at the OCV and after
each discharge/charge cycle (working electrode in the charged condition). During the first
voltammetry scan towards low potential, pristine NiO shows a minor cathodic peak at 0.8 V vs.
Li"/Li, followed by a strong signal at 0.6 V vs. Li"/Li (Figure 7.6a), while NiO@C exhibits
only a peak at 0.6 vs. Li'/Li (Figure 7.6b). These responses are attributed to the well-known
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displacement of nickel oxide by reduction to form metallic Ni embedded into a Li,O matrix
[107] and to the formation of SEI [199]. Hence, both electrodes undergo reversible oxidation
throughout the first scan towards high potential by electrochemical processes mostly occurring
at 2.2 V vs. Li'"/Li, although pristine NiO shows a further small peak at 1.4 V vs. Li"/Li [207].
During the subsequent cycles, the reduction peak of NiO and NiO@C shifts to higher potential,
i.e., to 1.1 and 1.3 V vs. Li'/Li, respectively, suggesting massive electrode rearrangements

associated with the electrochemical conversion [199].

Despite the similar CV response, NiO@C exhibits a significantly lower polarization indicating
improved electrode kinetics, further demonstrated by EIS (Figure 7.6 insets). The EIS
measurements show the pristine NiO electrode at OCV an electrode/electrolyte interphase
represented by a medium-high frequency semicircle with a resistance of about 22 €, initially
decreasing after the 1% cycle, and then increasing to about 30 Q (inset of Figure 7.6a). Such an
increase of the resistance might indicate microstructural reorganization within the electrodes as
well as a gradual growth and modification of the SEI layer [199]. In addition, the EIS reveals a
lower resistance for NiO@C at the OCV condition compared to the pristine NiO (about 17 Q),
and a less relevant rise upon 3 CV cycles (to about 20 Q), thereby suggesting improved
electronic conductivity due to the carbon traces and beneficial effects on the

electrode/electrolyte interphase.
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Figure 7.6 CV and (insets) EIS Nyquist plots of (a) NiO and (b) NiO@C in three-electrode
lithium half-cells. CV performed between 0.01 and 2.8 V vs. Li*/Li at 0.1 mV s™'. Impedance
spectra recorded at the OCV and after 1, 2, and 3 full voltammetry cycles by applying an AC
potential of 10 mV amplitude in the 500 kHz to 100 mHz frequency range.
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Such an improvement is further revealed by comparative cycling tests at a C/5 rate of the bare
nano powder, the metal-carbon precursor, and the final composite (Figure 7.7a and b, 1C =
718 mA g'). The first discharge of NiO and NiO@C, respectively, reveals plateaus at about
0.6 and 0.7 V with capacities of 970 and 1310 mAh g ' partially ascribed to the SEI formation
[80]. The subsequent charge evolves within a wide voltage range and is characterized by a
plateau at about 2.2 and 2.1 V, according to the remarkable hysteresis of conversion materials
[107], leading to reversible capacities of 690 and 820 mAh g for the pristine and C-coated
electrodes, respectively. Moreover, pristine NiO exhibits a further minor activity at about 0.8
V during discharge and at 1.4 V during charge (Figure 7.7a). A minor contribution of carbon
to the lithium exchange by insertion at low voltage might partially account for the higher
reversible capacity of NiO@C with respect to the theoretical capacity of NiO (i.e., 718 mAh g~
") [208]. However, the Ni@C synthesis’ intermediate shows a modest reversible
electrochemical activity (about 100 mAh g™') mainly due to lithium (de)insertion into the lowly

crystalline carbon of Ni@C, beside first-cycle electrolyte decomposition at low voltage.

Although both NiO and NiO@C exhibit reversible displacement upon three cycles, Figure 7.7b
reveal an abrupt failure of NiO after 10 cycles and much-improved capacity retention and
coulombic efficiency for NiO@C. Furthermore, the galvanostatic profiles (Figure 7.7a) show
that the electroreduction processes of NiO@C occur at a lower voltage than that of bare NiO,
that is, about 1.3 V for the former and about 1.1 V for the latter after the first cycle. Such a shift
of the reaction potentials towards higher value after the two-step treatment might reflect an
improvement of the charge transfer at the electrode/electrolyte interphase, thus leading to a
decrease in cell polarization [194]. Hence, Figure 7.7b reveals a fast capacity fade down to
about 100 mAh g for bare NiO, while NiO@C exhibits a much more stable behavior with a

reversible capacity of 580 mAh g after 50 cycles and satisfactory coulombic efficiency.

The rate capability of the NiO@C material has been assessed by performing cycling tests at
increasing current rates. Figure 7.7c and d show the related voltage profiles and capacity trend,
respectively. The nanocomposite anode displays a moderate polarization increasing by raising

the current (Figure 7.7¢) and reversible capacities of about 910, 860, 770, 690, 610, 510, and
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390 mAh g at C/10, C/8, C/5, C/3, C/2, 1C, and 2C rates, respectively. This promising rate
capability might be ascribed to the carbon traces (below 4 wt. %) as well as to the presence of
conductive nickel (3—4 wt.%) [209]. However, the material exhibits a capacity fade as the
current is lowered down to the rate of C/10 at the 36™ cycle, with a final value of about 730
mAh g at the 40™ cycle most likely attributed to partially irreversible rearrangement of the

electrode material during the conversion process [203,210].
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Figure 7.7 (a and b) Cycling response of NiO, Ni@C, and NiO@C in two-electrode half-cells
at a C/5 rate in terms of (a) voltage profiles and (b) cycling trend. (¢ and d). Rate capability
tests of NiO@C in a two-electrode half-cell at various rates ranging from C/10 to 2C, in terms

of (¢) voltage profiles and (d) cycling trend.

Figure 7.8 reports the NiO@C/NCM battery response in terms of selected voltage profile
(panel a) and cycling behavior (panel b) at a constant current of C/2 rate referred to the cathode
mass (where 1C is arbitrarily set at 170 mA geamode ). During the first cycle, the cell delivers
about 160 mAh gemode | in spite of an irreversible capacity of about 67 mAh geatode '

corresponding to a low initial coulombic efficiency (around 70%), which indicates oxidative
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electrolyte decomposition possibly related to the formation of a passivation layer over the
cathode electrode (see Figure 7.8a inset) [211]. Afterwards, the voltage signature stably
reflects the combination of reversible Li" exchange by conversion process at the anode and
(de)intercalation at the cathode, leading to sloped plateaus within the range from 1.5 to 4.3 V,
which are centered at about 2.5 V (see Figure 7.8a). Accordingly, the NiO@C/NCM battery
shows a reversible capacity slightly increasing to almost 170 mAh geamode © over the first 30
cycles with a steady-state coulombic efficiency above 99%, and then slowly decreasing to about
140 mAh geamode * after 80 cycles (ca. 88% of the initial value) due to a decrease in coulombic
efficiency to about 97% (Figure 7.8b), and a gradual decay of the average voltage (Figure

7.8a).

On the other hand, the responses of NCM and NiO@C electrodes during full-cell operation
have been monitored by the support of the additional lithium reference electrode. Figure 7.8¢c-
f reports the voltage profiles of the NiIO@C/NCM cell (blue curve) cycled at a rate of C/2 (1C
= 170 mA Zeamode ') Within a voltage range between anode and cathode of 0.8 — 4.3 V as a
function of time at the 1%, 10", 50", and 80™ cycles. The potentials of NiO@C and NCM vs.
Li"/Li monitored through the lithium electrode upon cycling are also reported in Figure 7.8¢-f
(purple and red colors, respectively). Accordingly, the measurement reveals that the voltage
decay of the cell actually reflects a gradual increase in the potential of the negative electrode,
that is, a progressive anode de-lithiation during cycling, which leads to a rise in the potential of
the positive electrode up to full-charge values exceeding 5 V vs. Li"/Li after 50 cycles. This
phenomenon may be ascribed to irreversible parasitic processes occurring in the cell besides
the Li-intercalation at the cathode and NiO conversion at the anode [23]. Notably, a remarkable
cycle life may be achieved by ensuring coulombic efficiency values approaching 100% [190]
or a suitable compensation of the irreversible capacity losses occurring at the anode side [212].
It is worth considering that the wide working potential window of metal oxide anodes alongside
a relevant hysteresis between charge and discharge may further magnify this gradual cell

unbalancing [107].
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Figure 7.8 Electrochemical characterization of the NiO@C/NCM cell. In detail: (a—b)
galvanostatic cycling at a rate of C/2 in terms of (a) selected voltage profiles and (b) cycling
behavior (1C =170 mA geamode ' ); (e—f) potential of anode and cathode vs. Li*/Li as measured
by a lithium-metal reference probe in the cell and corresponding voltage profile of the full cell
(i.e., cathode vs. anode) for the (¢) 1%, (d) 10™, (e) 50™, and (f) 80™ cycles; (g—j) experimental
and simulated EIS Nyquist plots of the full cell at the (g) OCV and after the (g) 1*!, (h) 10", (i)
50" and (j) 80™ cycles at the charged state.

The evolution of the anode and cathode interphases in a NiO@C/NCM cell during galvanostatic
cycling have been investigated by EIS measurements performed by utilizing a lithium metal
reference probe as reference electrode for monitoring either NiO@C or NCM interphases (see
Figure 7.9). Indeed, EIS measurements of the full-cell have been carried out at the OCV and
after the 1%, 10™, 50" and 80" cycle at the charged state (Figure 7.9g—j shows the related
Nyquist plots). The obtained data have been modelled by the Re(R1 Q1) (Rupn2Qin2) (RanQp)
equivalent circuit (see Table 7.2). This circuit takes into account the electrolyte resistance (R.)
and several resistive and pseudocapacitive elements that simulate the cell response within the

investigated frequency range, thus enabling the study of various kinetic processes attributable
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to the NiO@C and NCM electrodes. In detail, the (RyiQpi) sub-circuit (i = 1, 2) reflects the
response of the cell at the high-medium frequency (briefly indicated as the high-frequency
region), occurring as a small semicircle in the Nyquist plots of Figure 7.9g—j, while the (R)Qqp)
sub-circuit describes the large semicircle at the medium-low frequency (briefly indicated as the

low-frequency region).

Further spectra of the NiO@C and NCM electrodes performed employing the additional lithium
reference probe (Figure 7.9a, c, e, g, and i for Li/NiO@C side and Figure 7.9b, d, f, h, and j
for Li/NCM side) suggest a characteristic low-frequency response for NiO@C and NCM, that
is, a Warburg-type diffusion for the former and a slow charge transfer for the latter after the 1%
cycle, as well as a high-frequency region mostly reflecting the lithium passivation [198]. It is
noteworthy that such a high charge transfer resistance at the cathode is in full agreement with
the expected low Li" content in the NCM lattice in charged condition [213]. The (RyQqy) sub-
circuit (large low-frequency semicircle in Figure 7.8g—j) refers to the cathode charge transfer
resistance and double-layer capacitance. Besides, the (RuiQupi) sub-circuit (i = 1, 2) can

ascribe to the passivation layers over the electrodes [214].

Notably, the EIS data at the OCV indicate the absence of charge transference in the cathode,
which behaves as blocking electrode at about 3 V vs. Li"/Li [198] (shown in Figure 7.8g and
Figure 7.9b), and overall high-frequency electrode/electrolyte interphase resistance of the
order of 20 Q in the lithium-ion cell (XRy; in Table 7.2). Galvanostatic cycling leads to an
expected gradual increase of ZR ) up to values approaching 60 Q at the 80" cycle, which might
be attributed to the growth of passivation layers over the electrodes owing to the
abovementioned parasitic reactions [208], along with a raise of the cathode charge transfer
resistance (R(y) from about 240 Q after the 1* cycle to about 1200 Q after the 80™ cycle (see
Table 7.2). This raise may be directly related to the increase in potential vs. Li"/Li of the
positive electrode during cycling promoted by the concomitant change of the anode profile (see
Figure 7.8¢—f), which reflects a decreasing Li" concentration in the NCM lattice at the charged

state [213]. This trend suggests an increasing influence of the microstructural reorganization of
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the anode during the final stages of the cycling test leading to a progressive change of the cell

balance [199].
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Figure 7.9 EIS Nyquist plots of (a, c, e, g, and i) NIO@C and (b, d, f, h, and j) NCM in the
NiO@C/NCM full cell as measured by using a lithium-metal reference. EIS carried out at the
(a-b) OCV and after the (c—d) 1*, (e—f) 10™, (g-h) 50", and (i—j) 80™ cycles at the charged state.
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Cell condition Equivalent Circuit o YRup/Q (=1, 2) R(p/Q
ocv Re(Ran1Quant)(Ran2Quun2)Qunn 1.8 x 10 21£7 -

I cycle Re(Rian1Quinn)Ran2Qup2) RupQup) - 2.5 x 107 22+10 238+8
10" cycle  Re(RanQuinn)(Ran2Qun2) RupQuip) 2.6 x 107 29+15 570 +20
50 cycle Re(Ro1Quin) RayQun) 4.0 x 107 42.5+0.5 790 + 30
80" cycle  Re(RupmQun)Ru2Qun2)RapQup) 5.2 % 107 58+ 14 1260 + 40

Table 7.2 Results of NLLS analysis of EIS data on the NiIO@C/NCM cell at the OCV and after
the 1%, 10" 50™ and 80™ cycles at the charged state in terms of y* parameter and
electrode/electrolyte interphase resistance. >Runi/Q (i = 1, 2) is the sum of interphase
resistances at the high-medium frequency (briefly high-frequency region) and Ry/Q is the

interphase resistance at the medium-low frequency (briefly low-frequency region).

The effect of the electrode kinetics on the battery performance is further revealed by a rate
capability test of a full NCM/NiO@C cell using the additional lithium probe reference to
monitor the anode and the cathode potentials at C-rates from C/5 to 2C. The results are reported
in Figure 7.10 as cycling trend (panel a), potential profiles of NiO@C and NCM electrodes vs.
the lithium-metal reference (panels b and ¢, respectively), and voltage curves of the full
NiO@C/NCM cell (panel d). The lithium-ion battery exhibits a decrease in capacity as the
current increases, delivering about 178, 173, 161, 137, and 98 mAh geamede ' at current rates of
C/5, C/3, C/2, 1C, and 2C, respectively; a current decrease back to the initial value of C/5 rate

at the 51 cycle leads to a capacity of about 171 mAh geathode -

An increase of cell polarization by current rising (see Figure 7.10d) reflects the expected
overvoltage at the anode and cathode sides (see Figure 7.10b and c, respectively), while the
modification of the electrode potential measured by the lithium probe suggests a gradual
decrease in the Li" concentration in both NiO@C and NCM during cycling, which is in

accordance with the results of Figure 7.8. In this regard, mitigation of parasitic Li" consumption
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due to irreversible processes, occurring in the so-called “rocking chair” battery besides the
(de)intercalation within the cathode and metal oxide conversion, is considered a crucial

challenge that needs to be overcome for application [215].
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Figure 7.10 A rate capability test at C-rates from C/5 to 2C (1C = 170 mA gcathode ') in terms
of (a) cycling life, potential profiles of (b) NiO@C and (¢) NCM vs. Li"/Li as measured by a
lithium-metal reference probe in the cell, and (d) voltage curves of the NiO@C/NCM cell.

7.3 Conclusion

A NiO anode was prepared by a simple two-step pathway based on the reduction of oxide
nanoparticles to metallic Ni embedded into a carbon matrix and subsequent mild oxidation of
the metallic core. A comprehensive structural, compositional, and morphological investigation
revealed NiO grains around between 10 and 50 nm forming aggregates ranging from about 100
nm to about 5 pm, as well as metallic Ni particles (3—4 wt.%) with crystallite size of the order
of 100 nm and C traces (below 4 wt.%). The resulting NiO@C nanocomposite showed high
reactivity in the cell, exchanging Li" by a conversion process mostly occurring at 1.3 V vs.

Li"/Li during discharge and at 2.2 V vs. Li"/Li during charge.
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Preliminary results indicated that the two-step treatment remarkably enhances the
characteristics of the metal oxide leading to a composite electrode delivering almost 800 mAh
g ' at a C/5 rate. In particular, the material exhibited a higher specific capacity, faster kinetics
at the electrode/electrolyte interphase, and a significantly longer cycle life than the pristine
nano-powder. Accordingly, a suitable rate capability within the C-rates range from C/10 to 2C
suggested possible application of the electrode in LIBs.

The NiO@C/NCM battery operated at about 2.5 V through sloped curves within the wide
window from 1.0 to 4.3 V by delivering about 160 mAh geumode | With reversibility and
coulombic efficiency suitable to ensure about 80 cycles. Electrochemical measurements
monitoring the potential vs. Li'/Li of anode and cathode revealed a gradual decrease in Li"
concentration in both electrodes ascribable to parasitic processes leading to a progressive
increase in interphase resistance. These changes yielded a decrease in the average voltage of
the cell during the cycling process. These results clarified the actual behavior of an enhanced
nanostructured metal oxide anode in a lithium-ion battery, thereby providing valuable

electrochemical contribution for further debating the applicability of the conversion anodes.

7.4 Experimental section

7.4.1 NiO@C samples

2 g of NiO (Sigma-Aldrich, <50 nm) was suspended in a water/ethanol solution (50 mL, 1:1
v/v). 4 g of sucrose was added to the above-mentioned suspension, and the solvent was
evaporated at 70 °C under stirring. The dry mixture was under an argon flow heated at 120 °C
for 10 h and subsequently heated at 600 °C, held at 600 °C for 3 h to obtain Ni@C (step 1).
Afterwards, the samples were under a dry air flow heated at 380 °C for 48 h to get NiO@C
(step 2). Steps 1 and 2 were carried out in a tubular furnace (GHA, Carbolite) with a heating

rate of 10 °C min "' and natural cooling.
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7.4.2 Material characterization

The sample structure (NiO, Ni@C, and NiO@C) was investigated by XRD using a Bruker D8
Advance diffractometer (Cu Ka source) by performing scans from 20 to 70° with a step size of
0.02° at 10 s step . Rietveld refinement of the diffraction pattern of anode material (NiO@C)
was carried out through the MAUD software [44] by using reference structures with cubic unit
cell and space group (ICSD # 260169 and # 9866) for NiO and Ni. The atom occupancies for
the NiO phase have been fixed to the stoichiometric values, and the atomic displacement
parameters have been forced to have the same value for each element. Lattice parameters,
crystallite size, and crystal phase ratio were refined to get suitable weighted-profile (Rwp%) and
goodness-of-fit (c) values (see Table 7.1). A TGA was performed under an air flow (50 mL
min ') by heating a NiO@C sample from 30 to 800 °C at 10 °C min ' heating rate through a

TGA Q500 from TA instruments.

Morphology, structure, and elemental composition (NiO, Ni@C, and NiO@C) were studied by
SEM, SEM-energy dispersive X-ray spectroscopy (SEM-EDS), energy-filtered TEM (EFTEM),
high-resolution TEM (HRTEM), HAADF-STEM, and EELS. A Zeiss EVO MA10 scanning
electron microscope employing a tungsten thermionic electron gun and an INCA X-ACT

Oxford Instrument analyzer, were used for the SEM and SEM-EDS analysis, respectively.

Each sample for TEM (NiO, Ni@C and NiO@C) was prepared by suspending a spatula tip in
ethanol and mildly sonicating; afterwards, the supernatant was drop cast onto a holey
amorphous carbon film on Cu grid. The TEM analyses was conducted with a JEOL JEM-
2200FS microscope (Schottky emitter) at 200 kV operation, equipped with a CEOS corrector
for the objective lens and an in-column image filter (Q2-type). EFTEM imaging was used to
acquire elastically filtered (zero-loss, ZL) TEM images by selecting only electrons within 10
eV from the ZL peak, and for elemental mapping, carried out by using the three windows
method at the K edge of C (16 eV slit width) and O (20 eV slit width) and the L,3 edge of Ni
(30 eV slit width). EEL spectra were acquired on regions of the samples suspended on holes in

the support film, in diffraction mode (a = 3.5 mrad, f = 5.4 mrad). EELS-based quantification
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was performed employing the hydrogenic model for all edges (K edge of C and O and L3 edge
of Ni), with the background fit in a 30 eV window before the edge and 70 eV window from the

edge onset.

7.4.3 Electrode preparation

The anode active material (i.e., bare NiO, Ni@C, and NiO@C) was mixed with Super P carbon
(Timcal) and polyvinylidene fluoride (PVDF 6020, Solvay) in the 8:1:1 weight ratio. The
mixture was spread in N-methyl pyrrolidone (NMP, Sigma-Aldrich) and pressed on a copper
foil through a doctor blade. The cathode active material (NCM), PVDF 6020 (Solvay), and
Super P carbon were mixed with a weight proportion of 8:1:1 in NMP and cast on an aluminum
foil through a doctor blade. The cast slurry was heated for 3 h at 70 °C on a hot plate under a
fume hood and then dried at 110 °C overnight under vacuum conditions. The anode materials
(i.e., bare NiO, Ni@C, and NiO@C) had a mass loading over the electrodes ranging from 1.5
to 2.5 mg cm 2. The NCM electrodes had an active mass loading ranging from 3.1 and 3.5 mg
cm 2. Disks with diameter of 10 and 14 mm were cut out from these dried foils and employed
as working electrodes in three-electrode and two-electrode cells (T-type; 10 mm) and CR2032
coin cells (MTI Corporation; 14 mm), as well as counter electrode in two-electrode full-cells
(T-type; 10 mm). Disks with a diameter of 10 mm were cut out from this electrode sheet and
employed as working electrodes in two-electrode, lithium-ion cells. The cells were prepared in
an argon-filled glove box (pure gas, HO and O, levels below 1 ppm, MBraun) with lithium

metal disks as counter and reference electrodes.

Lithium-ion batteries were assembled by coupling a NiO@C anode (between 1.7 and 2.3 mg
cm %) and an NCM cathode (between 3.1 and 3.6 mg cm ?) in a T-type two-electrode cell, as
well as in a T-type three-electrode cell. The anode was electrochemically activated, as reported
below. The glass fiber separator (Whatman, GF/A) was imbibed by an electrolyte solution

formed of LiPF¢ (1 M) in a mixture (1:1 w/w) of EC and DMC.
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7.4.4 Electrode measurements

CV and EIS tests of the two electrodes (NiO and NiO@C) were performed on three-electrode
half-cells (T-type) via a VersaSTAT MC (AMETEK, Princeton Applied Research)
multichannel potentiostat. CV was carried out by using a scanning rate of 0.1 mV s~ between
the potential range 0.01 and 2.8 V vs. Li"/Li. Impedance spectra were recorded by applying
over the frequency range of 500 kHz to 100 mHz with an AC voltage of 10 mV amplitude at

the OCV condition and after 1, 2, and 3 full voltammetry cycles.

Cycling tests of the anode electrodes (NiO, Ni@C, and NiO@C) were performed on two-
electrode half-cells (CR2032 coin-cells, MTI Corporation) at a rate of C/5 (1C =718 mA g ).
Furthermore, the NiO@C electrode rate capability was evaluated by galvanostatic cycling in
lithium coin-cells (CR2032 coin-cells, MTI Corporation) with current rates (from C/10 to 2C)
increasing every 5 cycles and then decreasing to C/10 at the 36™ cycle. The voltage window of

the galvanostatic measurements was 0.01 to 2.8 V.

7.4.5 Full cell measurements

Prior to the NiIO@C/NCM full-cell assembly, the anode was activated by 3 discharge/charge
cycles at a C/5 rate in a T-type, two-electrode half-cell within the 0.01 — 2.8 V range with a
final charge up to 2.2 V. Afterwards, the electrochemically activated NiO@C electrode was
recovered from the cell, rinsed with DMC solvent, dried few minutes under vacuum, and used

to build the full-cell.

A two-electrode NiIO@C/NCM cell was cycled at a rate of C/2 (where 1C is 170 mA g' as
referred to the positive electrode) in the voltage range from 0.8 to 4.3 V. A three-electrode
NiO@C/NCM cell employing a lithium-metal reference probe was cycled at a C/2 rate in a
voltage range of 0.8 — 4.3 V between the NiO@C and NCM electrodes. The potential vs. Li*/Li
of NiO@C and NCM during two-electrode cycling was measured by the abovementioned
lithium-metal probe. EIS measurements were carried on the NiO@C/NCM cell at the OCV and

after the 1%, 10", 50", and 80™ cycle (after discharging) by applying an AC voltage of 10 mV
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amplitude in the frequency range of 500 kHz — 20 mHz. A NLLS procedure fitting procedure

is used for the analysis of impedance spectra [216]

Further EIS measurements Li/NiO@C and Li/NCM sides of the full cell were carried out by
using the lithium-metal probe and collected in the frequency range from 500 kHz to 20 mHz
with an AC amplitude of 10 mV. Simulation of the spectra has been carried out by NLLS
analysis [58] according to the Re(Ri1Quni)(Run2Qun2)(RanQup) equivalent circuit. These EIS

analyses were applied on the same VersaSTAT MC multichannel potentiostat.

A rate capability test was carried out on the NiO@C/NCM cell by galvanostatic cycling within
the current range from C/5 to 2C rates (where 1C is 170 mA g ' as referred to the positive
electrode) and the voltage range between NiO@C and NCM of 0.8 — 4.3 V. Furthermore, the
potential vs. Li"/Li of NiO@C and NCM during the above cycling was monitored by using the
lithium-metal probe. All the galvanostatic measurements were conducted by means of a Maccor

Series 4000 battery system at room temperature.
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Chapter 8 Conclusions

The electrolyte formulations comprising glymes with various chain lengths dissolved various
lithium salts have advantages over conventional electrolytes owing to their suitable ion
transport properties, greater electrochemical stability window, and suitable safety content. With
regards to transition metal oxides, NiO is an appealing anode candidate because of its high
lithium storage capacity, high abundance, and cheap price. Hence, this thesis has characterized
the electrochemical features of twelve glyme-based electrolytes and investigated the

microstructural features and electrochemical performance of NiO anode material.

The comparative study revealed that the electrolyte formulation in terms of lithium salt nature
and ether chain length plays a crucial role in determining suitable electrochemical features for
ensuring remarkable cell performances, as presented in Chapter 5. Electrolyte solutions based
on low-molecular-weight glymes can be efficiently employed in rechargeable batteries
coupling insertion LFP olivine cathode and high-energy lithium metal anode. For example, the
solutions of LiFSI in DEGDME and TREGDME had promising characteristics for application
and formed suitable interphase with the lithium metal electrode, thereby leading to lithium cells
with stable capacity ranging between 134 and 144 mAh g ' upon 100 cycles at a C/3 rate (1C
= 170 mA g'). The results in Chapter 5 demonstrated the suitable electrochemical

characteristics of glyme-based solutions for lithium cells employing olivine cathodes.

In Chapter 6, diglyme and triglyme-based solutions using LiFSI, LiTFSI, and LiBETI,
enhanced by the LiNO; additive, were investigated. A detailed electrochemical study revealed
optimal characteristics in terms of ionic transport and stability against the lithium-metal anode.
The results confirmed the beneficial effect of LiNOs; on both the positive and negative
interphases, suggesting that the electrochemical stability of a particular glyme-based electrolyte
formulation against the cathode is not exclusively related to the electrochemical stability

window. Indeed, LiNO; ensured the formation of a stable interphase at the anode for all the
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electrolyte formulations, although the glyme length strongly affected the interphase behavior at

the cathode.

In Chapter 7, the NiO@C anode exhibited a charging potential higher than that of graphite,
which actually penalizes the working voltage of the lithium-ion cell as compared to
conventional batteries, although it may deliver a reversible capacity as high as 800 mAh g,
thereby decreasing the overall cell weight. Accordingly, the NiO@C/NCM cell had a lower
energy density than that of standard LIBs. Meanwhile, this comparative investigation revealed
how the anode electrochemistry may affect the characteristics of the lithium-ion battery in terms

of working voltage, coulombic efficiency, and cycling stability.
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Chapter 9 Outlook

Fossil fuel combustion, increasing prices of petroleum and natural gas, global warming, and the
ever-growing energy demand stimulate a worldwide shift towards the integration of RES and
the development of sustainable storage technologies. Developing novel electrolytes that are
relatively stable against lithium metals and a competitive electrode material that exhibit higher
energy density in lithium-ion full cell remain a crucial issue for solving the requirements of
large-scale energy storage and smart grids in the future. This investigation has been devoted to
developing glyme-based electrolytes for lithium metal batteries and high-performance NiO@C

anode for lithium-ion batteries.

The results in this thesis demonstrate that glyme-based electrolytes may be of interest for
efficient and safe use of the metal anode in high-energy batteries, which can create a certain
degree of possibility to make the lithium metal battery a reality, and the straightforward two-
step technique might facilitate a possible application of conversion anodes in the full cell.
However, a number of research questions about glyme-based electrolytes and electrode

materials remain which require further study.

A possible effect of the anion on cathode/electrolyte interphase might be investigated by
coupling electrochemical and spectroscopic techniques in further works aiming at cell
performance optimization. However, the minor effects of cell assembling and electrode

morphology on the magnitude of the observed activation trend cannot be excluded.

In the NiO@C/NCM full cell, the massive potential hysteresis between charge and discharge
has an adverse effect on energy efficiency. The higher working voltage than that of graphite
might mitigate possible lithium plating at the anode side, that is, a detrimental phenomenon
with a crucial impact on the safety level of cells and battery packs. Lithium electrodeposition
on graphite is promoted by charging at low temperature and may lead to poor cycling

performance, capacity fading, and, in the worst-case scenario, thermal runaways and
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uncontrolled exothermic reactions [217,218]. Therefore, high-voltage anodes might be more

suitable than graphite for low-temperature applications [194].

Our results on full cell highlighted the issues still hindering a transition of conversion metal
oxides from the laboratory to the market, which might be underestimated in the various works

focusing on the synthesis, characterization, and tests in the half cell.

Hence, some concrete ways could be explored further:

* Cycling tests of NiO@C anode in lithium half cells at low temperatures.

* Using layered or spinel oxide cathode materials (LFP and LNMO) in lithium-ion full cells to

replace NCM.

* Employing X-ray nano-computed tomography to study the structural and morphological

modifications in transition metal oxides, for example, a-Fe,O3;@C anode material.

* Galvanostatic measurements for NiO@C and a-Fe,O;@C anodes in sodium ion batteries.
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