


ABSTRACT

Li-ion Batteries at Extremes: Physical-Electrochemical Phenomena at High

Temperature, Energy and Power

by

Marco Tulio Fonseca Rodrigues

Li-ion batteries are the present and the future of energy storage. In spite of their

commercial success, these devices exist in a delicate balance, and the slightest devia-

tion from their optimal composition and operating conditions can be highly problem-

atic. This thesis concentrates on the very events that emerge when Li-ion batteries

encounter extremes: comprehensive strategies to extend the compatibility of these

devices to very high temperatures are delineated; rational and experimental tools to

investigate cell behavior at high power are proposed; and unconventional challenges

associated with the fabrication and operation of high-energy cells are exposed. The

collective work described here addresses some of the many barriers separating Li-ion

batteries from a boundless future.
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Thermal stability as a function of lithium content in cathode
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the respective state-of-charge. The connected data points are derived

from DSC curves, while shaded regions compare influence of the Mn

concentration on the stability of NMC cathode [6, 7]. j) Performance

of LiNi0.5Co0.2Mn0.3O2 (here denoted as NCM523) at low and room

temperatures. Substitution of an optimum concentration of Al
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points for plots a-i have been deduced from relevant reports; Panel j
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Chapter 1

Foreword

Energy has always been one of the major agents in the technological endeavors of

humankind, with significant roles on both ends of the innovation cycle, alternating

between being an enabler in further technical advances and being the accomplishment

of a scientific quest in itself. The ability to convert and store energy in its many forms

have propelled Industrial and Scientific Revolutions throughout the history, as part

of an everlasting thread of disruption and obsolescence. It is not at all surprising

that nowadays the storage capability of energy sources is once more being put to

the test, gathering worldwide resources in the development of the next technological

breakthrough.

The late twentieth century experienced vertiginous advances in electronics, hav-

ing the widespread portability of many instruments as a natural consequence of the

constant shrinkage of components. As devices have grown smaller, their increased pro-

cessing power has been posing a constant urge for better power sources, able to sustain

the electronics for longer periods. Among other applications, the growing market for

hybrid and all-electric cars has also exposed the limitations of current battery tech-

nology, motivating intense research for the development of environmentally-friendly

devices with higher energy density and lower costs.

Li-ion batteries (LIBs) are nowadays the single most efficient portable energy

storage device that can be produced on large scales on an economically viable manner,

combining high energy density and long cycle life. Its history is directly linked to the
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Figure 1.1 : An artistic view of a typical Li-ion battery. The electrodes depicted in
the figure are the same as used in the first commercial Li-ion full-cell. Reprinted with
permission from ref. [1]. Copyright 2013 American Chemical Society.

need for powering portable electronic devices. The first Li-ion battery on a full-cell

configuration was commercialized by Sony in the early 1990s, using graphite as anode

and LiCoO2 as a cathode (Figure 1.1), being designed to power cellphones, laptops

and cameras [23]. In general terms, LIBs are formed by the combination of a source

of lithium ions (cathode), a material capable of hosting Li+ through redox processes

(anode) and an ionic conducting medium (electrolyte). The electrodes are physically

kept apart by the separator, typically a porous membrane that is highly permeable to

the electrolyte. During the charge process, lithium ions are removed from the cathode

and inserted into the anode material, resulting in the formation of highly energetic

compounds on both electrodes, which then return to a low-energy state as lithium ions
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shuttle back to the cathode as the battery discharges. The charge storage mechanism

is associated with redox processes on both electrodes, typically with metallic cations

changing the oxidation state to retain the charge neutrality in the lithium-deficient

cathode, and Li+ establishing ion-π interactions at the anode as it intercalates into

the graphite layers [1, 24, 25].

Although LIBs provide the highest energy density among commercially available

rechargeable batteries, with a global market projected to reach $32 billion dollars by

2020 [26], the performance of these devices has historically failed to meet the expec-

tations when confronted with harsh environmental conditions; the origins of these

shortcomings are various, at times being related to safety aspects, while at others,

to intrinsic materials limitations. Challenges of similar nature are also encountered

when the boundaries of energy and power are attempted to be extended, both by

engineering (i.e. deliberately imposing higher currents and/or voltages on the cell)

or experimentation with more capable cathodes and anodes. The unifying thread

among the works delineated in this thesis is exactly that they address the technical

difficulties arising when Li-ion batteries encounter extremes.

Chapter 2 describes the specific problems offered by temperature to the function

of Li-ion batteries. Efforts to substitute typical electrolytes and separators with

thermally stable components, and strategies to improve the thermal resilience of the

many interphases existing in the cell, are presented.

Chapter 3 summarizes contributions to the understanding of electrochemical

processes at high power. The rationale for the design of ionic-liquid-based cells with

enhanced performance at ambient temperature is provided, and the accurate metrol-

ogy of electrode potentials at high rates is discussed.

Chapter 4 discusses issues associated with the construction of high-energy bat-
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teries. The release of hazardous gases during the fabrication of high-capacity anodes

is exposed and quantified, and the eerie influence of the negative electrode on the

impedance evolution of the cathode at high voltages is described.

Each sub-chapter is fairly independent in terms of specific scope and approach,

and the necessary context, along with a summary of the main outcomes, are provided

for each one. The overall significance of the collective original work described here is

provided at the end of this thesis.
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Chapter 2

Materials & Insights for Thermally-Stable Li-ion
Batteries

Li-ion batteries currently available on the market are capable of displaying their prime

performance when maintained at the vicinities of 25 oC. Elevated temperatures incur

in a dramatic acceleration of cycle life decay, whereas cold environments impose crit-

ical tradeoffs on power capability; both extremes also involve specific safety concerns.

This chapter describes how Li-ion batteries are affected by temperature, and presents

and in-depth discussion of particular phenomena occurring at every cell component.

Although the work delineated here is mostly concerned with addressing the chal-

lenges associated with high temperatures, section 2.1 provides a comprehensive per-

spective on how environmental conditions influence cell performance. Section 2.2

encloses a broad exploratory investigation of the realm of high temperatures, provid-

ing insights on topics ranging from Li+ transport in the electrolyte to the long-term

physical stability of electrodes; a cell operational from 24 oC to 150 oC is demon-

strated. Sections 2.3 and 2.4 are focused on graphite anodes, and revolve around

the construction of thermally-stable solid electrolyte interphases. Finally, section 2.5

summarizes the collective impact our group has had on the pursuit of Li-ion batteries

compatible with elevated temperatures.
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2.1 A materials perspective on Li-ion batteries at extreme

temperatures

Fragments of this section appeared originally in:

Rodrigues et al., A materials perspective on Li-ion batteries at extreme temper-

atures, Nature Energy 2 2017 (ref. [27]). Copyright 2017, Macmillan Publishers

Limited, part of Springer Nature.

Reproduced with permission.

2.1.1 Overview

Energy storage forms the foundation for success of numerous commercial products.

Though many battery chemistries exist, Li-ion batteries (LIBs) are at the forefront

for rechargeable applications, as the combination of high energy density, light weight

and low self-discharge makes them highly attractive for portable consumer electronics

[28]. While a large spectrum of consumer applications operates at room temperature,

demand for batteries to survive/operate under thermal extremes is rising. Military-

grade batteries are expected to operate from -40 to 60 oC, and such LIBs are yet to

be fully optimized and developed. Electric vehicles require battery systems capable

of having stable performance in both colder regions and hot desert conditions. Apart

from extending the operability of conventional batteries, task-specific applications

also call for energy storage at further extremes. Areas like subsurface exploration

(for example, for oil and gas), thermal reactors, defensive arsenals and space vehicles

call for operating temperatures over a wide range. On the other hand, equipment

for cold climates and high-altitude drones can experience temperatures as low as -

60 oC. Batteries might also be required to operate under a predefined temperature
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regime. Medical devices, for example, work at room temperature, but are subjected

to 120 oC during sterilization. In uses such as energy harvesting, drilling sensors and

drones, batteries most certainly experience dissimilar temperatures during charge

and discharge. Besides external influences, internal phenomena while operating LIBs

also cause thermal fluctuations [29], sometimes unintentionally swinging to hazardous

extremes [30]. Recent battery explosions in cases such as the Boeing Dreamliner and

Samsung Note7 have raised already existing safety concerns [31].

LIBs stand in a unique position to cater to all these applications: while other

cell chemistries have long-lived issues limiting their operability, the range of elec-

trode and electrolyte materials compatible with LIBs can potentially render these

devices active in a wide temperature range. Among other cell concepts, water-based

technologies, as lead-acid and nickel-metal hydride, are intrinsically limited by the

electrolyte to operate between -50 and +50 oC [32]. Extremely high temperatures are

compatible with - and required by - molten salt batteries, while operation below 90
oC is impractical. Many applications requiring extreme temperature windows rely on

primary lithium thionyl chloride (Li-SOCl2) batteries, usable from -60 oC to 150 oC

[32]. Despite this impressive thermal resilience, peak performance is only achieved

between 20 and 55 oC, and cell usage is confined to low power conditions. A LIB with

proper formulation can potentially meet and surpass the temperature window offered

by Li-SOCl2 batteries, while also offering rechargeability, higher power capability

and reduced toxicity. Besides serving diversified applications, expanding the temper-

ature limits of LIBs would also have a rather beneficial side-effect: improvement of

consumer devices’ resistance to thermal abuse.

In designing a battery configuration for a targeted application, it is critical to un-

derstand the workability of the materials being used. The charge storage mechanism
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in LIBs involves a synergy of transformations among its components, and tempera-

ture plays a decisive role. Many recent efforts have considered thermal effects on the

individual materials used for LIBs in a piecewise approach. Though it is not guaran-

teed that a full-cell encompassing each of these fragments would function as desired,

it is nevertheless important to individually understand the limits of these materials.

This sub-chapter examines recent reports on thermal characteristics of battery

components and attempts to present a materials perspective, both at low and high

temperature extremes. Reports pertaining to electrochemical behavior of electrode

materials, development of unconventional electrolytes and the role of dormant sup-

port components (such as binders and current collectors) to the performance at ex-

treme temperatures are discussed in subsequent sections. Although optimal cell-level

performance under demanding conditions has yet to be fully achieved, the intrinsic

properties of these materials cast favorable prospects over the evolution of this battery

chemistry.

2.1.2 Cathodes

The cathode is the transit center for both Li+ and electrons, and these materials are

susceptible to undesirable phase transitions. Further, parasitic reactions at the elec-

trode - electrolyte interface in deep-charged conditions (delithiated state) are likely to

destabilize cathode’s structure. The reported cyclic stability of well-known cathode

materials at high temperature and their source of fragility at temperature extremes

is schematically shown in Figure 2.1a-h. The listed issues are minimal or negligible

at room temperature (RT), but accelerated upon cell exposure to high temperatures,

increasing the extent of metal dissolution and oxygen evolution. These processes

are generally irreversible, leading to performance degradation owing to loss of active
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Table 2.1 : Electrochemical performance of cathode materials at extreme tempera-
tures.

Cathodes
Temp. Capacity Number Capacity Electrolyte

(oC) (mAh g−1) of cycles retention (%) and anode

Layered oxide cathodes

AlPO4/LiCoO2 (ref.[34]) 60 180 30 79 Organic and lithium

LiNi0.33Co0.33Mn0.33O2 (ref.[35]) 60 175 100 95.3 Organic and Li4Ti5O12

Al doping/ LiNi0.5Co0.2Mn0.3O2 (ref.[8]) –20 106 - - Organic and lithium

Spinel oxide cathodes

LTO-coated LiMn2O4 (ref.[36]) 60 132 100 97 Organic and lithium

LiMn1.5Ni0.5O3.8F0.2 (ref.[37]) 60 110 50 40 Organic and lithium

Li1+xMn2xO4 (ref.[17]) 120 80 20 50 RTIL and Li4Ti5O12

Phosphate cathodes

C-LiFePO4 (ref.[10]) 60 160 40 93 Organic and lithium

LiFePO4 (ref.[38]) 120 160 20 94 PC-LiBOB and lithium

LiFePO4 (ref.[39]) 250 - 8 - Molten LiTFSI and lithium

Nano-LiFePO4/C (ref.[40]) –20 120 100 99 Organic and lithium

LiFePO4/C (ref.[41]) –40 54.7 - 39 Organic and lithium

mass and instability in the structural composition. Additionally, the self-accelerating

reactivity of decayed electrodes with flammable electrolyte at elevated temperatures

poses safety concerns [33] (Figure 2.1i). Contrarily, sluggish kinetics limits cathode

performance below 0 oC (Figure 2.1j). Although the development of high energy

density cathodes is critical for many applications, growing demand for LIBs to sur-

vive/operate under extreme conditions has fostered considerable research interest in

probing the characteristics of cathode materials with temperature as a variable. Table

2.1.2 summarizes representative reports pertaining to known cathode materials and

their modifications.
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Figure 2.1 : Temperature dependent performance constrains in cathode materials. a-
h, Cycling plots show ambient and elevated temperature performance while schemat-
ics list structural instabilities which get aggravated at high (in red) and low tem-
perature (in blue) for representative cathode materials. Layered oxide framework
cathodes (a, e) LiCoO2 (LCO) [2] and (b, f) LiNi1/3Mn1/3Co1/3O2 (NMC) [3]; (c, g)
Spinel LiMn2O4 [4]; (d, h) olivine phosphate LiFePO4 [5]. i) Thermal stability as a
function of lithium content in cathode materials. The temperature values indicate
the onset of reaction between carbonate-based electrolyte and the electrode material
at the respective state-of-charge. The connected data points are derived from DSC
curves, while shaded regions compare influence of the Mn concentration on the sta-
bility of NMC cathode [6, 7]. j) Performance of LiNi0.5Co0.2Mn0.3O2 (here denoted as
NCM523) at low and room temperatures. Substitution of an optimum concentration
of Al inhibits impedance rise and accelerates lithium ion diffusion at low temperature,
which translates into improved performance. The data points for plots a-i have been
deduced from relevant reports; Panel j reproduced from ref. [8], Elsevier.
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2.1.2.1 Layered oxide framework cathodes

Lithium cobalt oxide (LCO), the commercially established cathode, belongs to the

two-dimensional layered materials family (LiMO2, M=Co,Ni,Mn), wherein Li+ oc-

cupy the sites between two O-M-O layers. Though it shows satisfactory performance

at room temperature with intercalation/de-intercalation of 0.5 Li per unit formula,

structural instability in the deeply-charged state and fragile Co-O bonding limits

its use to 60 oC [2, 34] (Figure 2.1a). The intermediate oxidation state of cobalt

(+3.5) in charged Li1−xCoO2 makes the crystal susceptible to change from the native

hexagonal phase to a monoclinic structure, releasing oxygen due to metal dissolu-

tion in the electrolyte, in a process that is aggravated beyond 60 oC. Other layered

oxides present similar stability limitations, as the structural breathing during Li-

ion intercalation/de-intercalation generates residual stresses in the crystallographic

z-direction. Temperature-provoked cation exchange and structural transformation to

spinel structures under deeply-charged conditions have written-off the commercial use

of materials such as LiNiO2 and LiMnO2 at early stage of development.

In the case of mixed metal oxides, there is a positive synergy between their con-

stituting elements. LiNi1/3Mn1/3Co1/3O2 (NMC), for instance, exhibits high capac-

ity (Ni2+), minimal cationic disorder (Co3+) and extended thermal stability (Mn4+)

[35, 3]. Consequently, NMC has demonstrated good capacity retention at 60 oC, pre-

senting high coulombic efficiencies for over 100 cycles [35]. These features motivated

NMC’s incursion in the commercial market, with growing use in cells for portable

electronics. At elevated temperature, challenges for lasting cyclability are metal dis-

solution into electrolyte, and minimization of cation mixing, as Li+ and Ni2+ exhibit

similar ionic radii (Figure 2.1f).

The presence of electrochemically inactive species may exhibit a pillaring effect,
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stabilizing the active cations at their respective crystallographic positions: higher

manganese concentrations in the lattice, for instance, stabilize the crystal structure

of delithiated NMC [6] (Figure 2.1i). Similarly, LiNi0.8Co0.15Al0.05O2 (NCA) deliv-

ers high stable capacity (∼200 mAh g−1), as doping with inert Al enhances charge

retention, facilitating maximum utilization of the active transition metal. However,

capacity fade has been observed for NCA at 40/70 oC, due to abrupt surface film

growth and micro-cracks at grain boundaries [42]. NCA is highly cost-effective, jus-

tifying its adoption in the Panasonic batteries powering the latest Tesla vehicles [43].

However, the energetic nature [44] of NCA conditions its use in high capacity cells to

strict state-of-health monitoring and safety control.

Another approach to improve high-temperature stability is to minimize the elec-

trode - electrolyte contact through surface engineering. Hydrofluoric acid (HF) orig-

inated from electrolyte decay favors metal dissolution, contributing to oxygen evo-

lution from the cathode. Coating with electrochemically inert materials, as oxides

and phosphates, has proven effective, as the bulk of the cathode is shielded from

interfacial degradations [33]. Although structural modifications have been successful

in expanding the temperature range of layered oxides by a marginal extent, their

intrinsic fragility makes them vulnerable to thermal degradation.

2.1.2.2 Spinel structured cathodes

Unlike in layered materials, changes in unit cell lattice parameters during charge -

discharge are isotropic in spinel LiMn2O4 (LMO). This material exhibits good ther-

mal stability and rate capability, owing to its strong edge-shared (Mn2)O4 octahedral

lattice and three-dimensional Li-ion conduction pathways. Thermogravimetric anal-

ysis of deeply-charged LMO (γ-MnO2) showed that oxygen release usually occurs at
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temperatures higher than for layered materials, indicating the robustness of spinels.

Although γ-MnO2 does not evolve oxygen until ∼400 oC, it converts into inactive

MnO2 phases at as low as 190 oC [44]. Electrolyte oxidation at 4.0V and metal

dissolution due to disproportionation reactions (2Mn3+
(solid)→Mn4+

(solid)+Mn2+
(liquid)) are

serious concerns for LMO. Moreover, Jahn−Teller distortion due to the presence of

excess Mn3+ at 3.0V leads to phase transition from cubic to tetragonal (Figure 2.1g).

As these processes become more prominent at higher temperatures, structural and

surface engineering are required to stabilize the cathode.

Like layered materials, structural stabilization can be attained by coatings and

doping [33, 45]. Surface protection of LMO using inert oxides, fluorides and phos-

phates is an effective approach to improve performance up to 60 oC, as these materials

can act as HF scavengers. However, insulating coatings inflict structural mismatch,

creating stacking faults that can obstruct Li+ diffusion [46]. The surface layer thick-

ness should be in the 1-2 nm range, effectively blocking solvent molecules while al-

lowing Li-ion conduction. Doping Mn-sites with suitable ions stabilizes the lattice by

expanding the regular MO6 octahedra, improving accommodation of Mn3+→Mn4+

transitions, even at 55 oC [45]. For this, several isovalent (Cr3+,Al3+) and aliovalent

(Mg2+,Ti4+) dopants have been successfully employed. Use of alternative electrolytes

can also be beneficial for application in more demanding environments, as cycling at

120 oC has been demonstrated using ionic liquids [17]. Despite its relative thermal

stability and historical prominence, the relatively low capacity (100-120 mAh g−1) of

LMO bars it from widespread commercial use.

Recently, the high-voltage spinel LiMn1.5Ni0.5O4 has been at the spotlight due

to its high energy density. However, introduction of Ni into the lattice reduces the

thermal stability, provoking oxygen release at temperatures much lower than for
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LMO [37]. Further, structural decomposition is likely to be more prominent at high

temperature during the complete removal of lithium at high voltages. Although more

development is required to confer thermal stability to high-voltage chemistries, spinels

are expected to be comparatively more thermally resilient than layered oxides, with

the major hurdles being metal dissolution and Jahn-Teller distortion.

2.1.2.3 Phosphate cathodes

The limited structural stability of layered and spinel cathodes arises mostly from the

fragility of M-O bonds constructing the lattice. Polyanion-based phosphates provide

more resilient frameworks, since oxygen atoms are covalently bonded to phospho-

rous instead of transition metals, facilitating charge distribution [47]. Of the known

cathode structures, phosphates in general and LiFePO4 (LFP) in specific are leading

choices for applications involving elevated temperatures, because of features such as:

high thermal and structural stability, as decomposition occurs above 400 oC; oxygen

release unlikely from PO3−
4 ; and minimal volume mismatch between LiFePO4/FePO4

phases [47, 39], improving structural integrity after complete Li removal. The re-

silience of LFP in a cell environment has been highlighted by its use in a LIB at 250
oC with molten salt electrolyte [39].

Despite these favorable properties, LFP’s poor ionic and electronic conductivities

still preclude utilization of micron-sized active material particles, especially without

conductive coating (Figure 2.1h). In addition, LFP is natively susceptible to metal

dissolution, requiring conformal coating with carbon, metal oxides or polymers [47, 5]

to achieve considerable cycle life. Though the low energy density diminishes the

significance of LFP for the consumer electronic market, its higher power density,

and long cycle and calendar lives, make this material rather attractive for specific
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industrial and stationary applications. LFP has also been employed by Bolloré Group

in solid-state batteries employing polymer electrolyte and lithium metal anode for

electric vehicles.

Recently, other phosphates, as VOPO4 and its lithiated compounds (LiVOPO4,

Li2VOPO4), have been found to exhibit high thermal stability [44]. Like LFP, VOPO4

does not evolve O2 upon heating, and only reacts with electrolyte beyond 200 oC,

making it inherently safe. Li3V2(PO4)3 (LVP) is another candidate for applications

involving a wide range of temperatures, asserting good Li-ion kinetics. However, the

high operating voltages might render LVP susceptible to metal dissolution at elevated

temperatures, and doping might play an essential role in stabilizing the charge density

over vanadium atoms.

2.1.2.4 Effects of low temperature on cathodes

Despite the limited knowledge of the exact mechanisms responsible for the decreased

performance of LIBs at low temperatures, intrinsic kinetic constraints might partially

account for the technical challenges. The charge-transfer resistance (Rct) for LFP

at -20 oC has been reported to be >300% higher than at room temperature [48],

invariably affecting rate performance. Additionally, Zhang et al. observed that the

Rct for cathode half-cells at -30 oC is highly dependent on state-of-charge, being much

higher in the fully-lithiated state [49]. This resonates with the observation by other

groups that, even at moderate rates, charging batteries at low temperatures is more

challenging than discharging [50]. Doping has been identified as an alternative to

improve kinetics at low temperature. Cobalt-doping in lithium-rich layered materials

(Li1.2Ni0.2Mn0.6O2), for instance, contributes to decrease the activation energy for

Ni4+ and Co4+ reduction during cell discharge, improving capacity retention at -20
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oC [51]. Another example is NCM523 (Figure 2.1j), in which surface substitution

with Al, even in ppm level, improved the low temperature performance. Selective

substitution of ions, either at the Li or transition metal site, have also been successful

in improving both ionic and electronic conductivity at extremely cold conditions [8].

Difficulties in maintaining performance below 0 oC are also associated with high

grain-boundary resistance and slow Li+ solid-state diffusion within active material.

The low activation energy for diffusion exhibited by certain materials can be beneficial

for deployment in subzero conditions. LVP, for instance, has an activation energy of

6.57 kJ mol−1, more than seven times lower than LFP, resulting in almost 300%

higher relative capacity retention at -20 oC [52]. More generally, reducing particle

size to the nanoscale, and conformally coating highly conductive carbon/polymer on

the particles’ surface can be effective in decreasing the diffusional path length and the

inter-grain resistance, respectively. As an example, Li0.99La0.01Fe0.9Mg0.1PO4/carbon

aerogel composites exhibited outstanding performance at -20 oC, displaying successful

operation from 1C to 50C rate with specific capacities of 120.3 and 56.6 mAh g−1,

respectively [53]. Although the fabrication of such porous structures is interesting to

probe the intrinsic performance limits of cathode materials, it drastically reduces the

volumetric energy density of the cell and thus would have limited practical application.

2.1.3 Anode Materials

Negative electrodes for LIBs may present lithiation potentials below that of reductive

decomposition of organic electrolytes, giving rise to a rich and complex interfacial

chemistry. Common anode materials, such as graphite and silicon, rely on the for-

mation of effective passivation layers to operate, and damage to these heterogeneous

structures renders the interfaces vulnerable at elevated temperatures. Temperature
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rise also accelerates side reactions, reducing coulombic efficiency and cycle life [28].

Conversely, these layers become less permeable to Li+ at low temperatures, slowing

down cell kinetics. While a significant fraction of the literature on temperature effects

on cathodes focuses on the investigation of intrinsic structural stability of the charged

state, interfacial phenomena seems to dominate the discussion on the anode side.

2.1.3.1 Graphite

Many of the problems faced by graphite in extreme environments can be attributed to

the solid electrolyte interphase (SEI, Figure 2.2a-f). Its morphology, composition and

passivation properties are dependent on cell temperature during both formation and

cycling. These observations are in consonance with many reports on SEI evolution

after exposure to high temperatures, exhibiting increased thickness and, consequently,

larger cell impedance, which can rise by 50% upon aging at 70 oC [10]. Exposition

of the cell to high temperatures for extended times leads to a decrease in the organic

content in the SEI, making it more brittle [54].

The SEI might also undergo transformation due to the action of decomposition

products from the positive electrode. For example, Mn-rich cathodes can suffer from

metal dissolution at high temperatures, and these metal ions migrate towards the

anode and penetrate the SEI, creating electronically conductive zones [55]. It has been

proposed that Mn2+ can alter SEI composition by engaging in redox reactions with

some of its native components, forming MnF2 and MnCO3 [4]. On both scenarios,

the final effect is detrimental to the passivation properties of the layer, leading to

additional irreversible reactions with the electrolyte.

While stabilization at elevated temperatures relies essentially on SEI engineer-

ing, the issues arising in colder conditions seems to be related to intrinsic material
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Figure 2.2 : Challenges imposed by temperature on the performance of graphite an-
odes. a-f) Scheme of the many interfacial processes that might take place at the
electrode. Elevated temperatures can damage the SEI (a), promoting further de-
composition of the electrolyte to form a thicker and more resistive layer (b). The
passivation film can also be negatively affected by reactive species generated on the
cathode (c), which contributes to permanent changes in SEI composition (d). At the
low temperature extreme, lithium plating becomes very problematic (e), and reaction
kinetics is negatively affected by the increased Rct and the SEI’s blocking character.
(Orange symbols denote solvent molecules, while Li+ and metal ions are represented
by green and blue spheres, respectively.) g) Temperature dependence of the apparent
chemical diffusion coefficient (D) of Li+ in graphite. There is a large decrease in D
below -20 oC, when the solid-state diffusion also becomes much slower during the
lithiation process, with deep effects on rate capability. h) Anodic polarization for
Li+ insertion at different temperatures. The cell overpotential rises quickly at low
temperatures, which leads to deposition of metallic lithium at the electrode surface
(inset). The low polarization observed for amorphous carbon render this material
much safer at low temperatures. Panels reproduced from: g, ref. [9], Elsevier; h, ref.
[10], Elsevier.
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properties. At these conditions, cell impedance rises quickly, with growing contri-

bution from charge transfer and SEI to the total resistance [10, 56]. Additionally,

solid-state diffusion of Li+ in graphite plummets below 0 oC [9]. Although there has

been discussion on which of these factors becomes rate-limiting [57], the net result is

a slowdown on electrode kinetics and rapid decrease in rate capability. Zhang et al.

have also shown that the gap between diffusion coefficients of Li+ in the charged and

discharged states widens at low temperatures [9], seen in Figure 2.2g. Consequently,

ion motion is slower during lithiation, which may be partially due to the inherent

phase instability of lithiated graphite at low temperatures. The combination of all

these factors also contributes to increased cell polarization during lithiation, favoring

the deposition of metallic lithium at the anode [10].

Overall, graphite has exhibited fragility at both ends of the temperature spectrum,

and applications aiming specifically for high or low temperatures could benefit from

exploring other carbon structures. Hard carbons, for instance, have shown promising

stability at extreme temperatures [10, 58] (Figure 2.2h) due to their higher resis-

tance to solvent co-intercalation. Although the amount of research available for these

systems is limited, alternative carbon materials hold potential to improve battery

performance in demanding environments.

2.1.3.2 Spinel lithium titanium oxide

Electrochemical performance of lithium titanium oxide (Li4Ti5O12, LTO) at high tem-

perature is dictated by its reactivity with the electrolyte, even with its crystal struc-

ture being stable up to 1000 oC. Despite the lack of consensus on whether and how

a permanent SEI-like layer forms on LTO [59], there is recent evidence of deposition

of thick, inorganic-rich films at high temperatures, triggered by thermally-activated



20

side reactions [59, 60]. These chemical processes also result in gas evolution, which

could damage the battery packaging [61]. Coating LTO particles with carbon [61],

ceramics [62] and polymers [63], was shown to be successful in suppressing these de-

composition events, leading to improved cycle life at 55 oC [63]. LTO’s performance

at elevated temperatures is expected to be solvent-dependent, and reactivity with

polymer electrolytes and ionic liquids has yet to be fully explored. Reliable cycling

properties demonstrated at 150 oC using quasi-solid electrolytes [17, 64] suggest that,

in these cases, thermal stability of LTO may surpass the one achieved with conven-

tional carbonate-based electrolyte.

At lower temperatures, the high lithiation voltage of LTO (∼1.55 V vs Li+/Li)

makes it safer than graphite, due to the unlikeliness of lithium plating. In general,

well-established procedures to produce LTO in nanoparticle form have succeeded in

retaining power density below 0 oC, by decreasing the Li+ diffusion path. The lower

activation energy for charge transfer in LTO [65] is also a potential advantage at sub-

zero conditions: while graphite’s SEI has been shown to grow increasingly blocking

at low temperatures [49], the surface layers that may exist on LTO does not seem

to exhibit distinctive electrochemical signature, thus not contributing to the energy

barrier for Li+ transport.

LTO has been the material of choice for commercial batteries devised for appli-

cations with stringent power requirements. Granted the low energy density is not a

decisive factor, the well-known resilience of LTO can also direct its use at temperature

extremes: the level of control on both particle and coating dimensions, along with

the apparent inexistence of a blocking SEI improves its potential for applications in

demanding environments.
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2.1.3.3 Silicon

Although the onset for phase transition of Li-Si alloys is low compared to other

materials (∼175/190 oC) [66], it is still compatible with the range expected for most

applications. When lithiated-Si is exposed to elevated temperatures, faster diffusion of

electrolyte trapped within the SEI facilitates further reaction of Li in the electrode,

increasing the thickness of SEI and resulting in capacity loss [67]. In contrast to

graphite, the interphase layer on Si has higher inorganic character, and combination

of high temperatures and enormous volume changes during lithiation may lead to

cracking of this brittle layer. Simultaneously, the native oxide on Si surface can react

exothermically with fresh electrolyte, producing a secondary SEI. Proper electrolyte

additives have been found to originate a more resilient layer and improve the cell

performance. Blends of ionic liquids with organic additives have also been shown to

stabilize the SEI at temperatures as high as 100 oC [68].

Coating carbon on Si is another approach for enhanced capacity retention, since

SEI formation is regulated by the outer carbon by preventing direct contact of sili-

con with the electrolyte [69]. Ceramic- and metal-based coatings were also found to

stabilize silicon nanostructures, as the surface layer acts as a barrier that minimizes

side reactions and SEI growth, and assists in maintaining the electrode’s mechanical

integrity upon repeated lithiation/delithiation [33]. The presence of a 1.5 nm TiO2

layer within and around Si nanotubes, for example, has been shown to largely improve

coulombic efficiency of the cell, and to extend capacity retention by 50% in compar-

ison with neat silicon [70]. This combination of minimized SEI formation, decreased

surface reactivity and mechanical buffering granted by ceramic coatings would make

it a viable option for stabilizing silicon anodes at elevated temperatures.

Although a recent report suggests that the impact of low operating temperature
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on lithiation kinetics and diffusion in Si is milder than in graphite [71], it is possible

that the lower active material utilization may increase anisotropic strain concentra-

tion, leading to particle cracking [72]. Use of silicon particles with high surface area

and conductive coatings minimize some of these issues, by reducing mean Li+ dif-

fusion path and enhancing electron transfer. However, the experience with graphite

shows that a high surface area fosters excessive SEI formation, which can exhibit

low ionic permittivity in cold environments. Also, like graphite, deep discharge in

silicon might show susceptibility to lithium plating. The commercial success of Si

anodes in bulk LIBs depend on many factors, including the cost-effective fabrication

of surface-protected nanostructures. While current industrial trend of incorporating

silicon-graphite composite electrodes would ease some economical hurdles, it does not

mitigate all challenges already faced by graphite at extreme temperatures.

2.1.3.4 Lithium metal

Metallic lithium was long forsaken in commercial devices due to low coulombic effi-

ciency and safety concerns originated by dendrite growth. Nevertheless, it has been

intensively revisited in the past few years, for its high charge density and the advent

of other Li-based battery chemistries.

Lithium has been largely tested at 60-90 oC in combination with polymer elec-

trolytes [73], showing that operation at elevated temperatures is not prohibitive. More

recently, it has been used at temperatures as high as 150 oC in LIBs containing ionic

liquids [17], highlighting its stability. Elevated temperatures have been shown to im-

prove plating/stripping efficiency and to reduce the incidence of dendritic deposition

[74]. While the melting point of lithium (∼180 oC) imposes an intrinsic upper tem-

perature limit for cells, lithium-metal batteries would have more practical challenges
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in the low temperature regime. Despite the limited commercial success through the

years, lithium metal anodes are currently used in electric vehicles developed by Blue

Solutions both in Europe and in the US, and the intense research activity on this

topic can be projected to materialize into new ventures in the years to come.

2.1.3.5 Other materials

Several metallic- [75], intermetallic- [76] and chalcogenide-based [77] systems have

been investigated as alternative high-capacity anodes for LIBs. They all share the

feature of undergoing significant changes in particle morphology upon lithiation, con-

tributing to a large voltage hysteresis during cycling. Reaction kinetics are notably

slow for such systems, and operation at higher temperatures can be an effective way

of reducing the voltage gap between charge and discharge. Conversely, although re-

ports on temperature-related effects in these materials are scarce, one can expect cell

polarization to be higher at low temperatures, increasing the already problematic

energy inefficiency during cycling. Among the explored systems, Sn-based inter-

metallics, such as Cu6Sn5 and SnSb, were observed to have greater tolerance for both

thermally- and electrochemically-induced lattice volume changes than pure metals,

reducing potential hysteresis [75].

2.1.4 Electrolyte

The rich variety of physical- and electrochemical events in the electrolyte at both tem-

perature extremes raises multifaceted challenges. At low temperatures, rapid viscosity

increase has negative effects on ion mobility and electrode wettability, reducing rate

performance [11]. Moreover, reduced conductivity causes Li+ depletion at the elec-

trode vicinity, what may ultimately favor lithium plating [10]. At high temperatures,
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the electrolyte is susceptible to chemical transformations, including disproportiona-

tion of PF−
6 in the presence of traces of protic-impurities [78]. and reactions with the

charged electrodes [15]. Investigation of multifunctional additives and co-solvents has

been very promising, extending LIB’s operability to both higher and lower tempera-

tures. There have also been intense efforts in developing alternative electrolytes with

enhanced thermal stability, including ceramics and ionic liquids. The electrolyte is

the sole element of the battery in physical contact with all other components of the

cell, and the complexity of the processes it might engage in highlights the modern

challenges imposed by battery science.

2.1.4.1 Additives and lithium salts

The efficacy of additives to enhance the battery’s thermal tolerance mainly rests on

their ability to modify the surface of cathodes and anodes, and to facilitate the phase

transfer of Li+. Recent highlights in this area are summarized in Table 2.1.4.1. Since

ion transport through SEI slows down below room temperature, the formation of more

compact and conductive passivation films, as provided by FEC [79] and butyl sultone

[80], is highly beneficial to rate performance. Optimizing Rct has also been shown to

be effective: although electrolytes containing LiBF4 exhibit lower ionic conductivities

than with LiPF6 (Figure 2.3a), the lower Rct achieved with tetrafluoroborate anions

lead to better capacity retention at -30 oC (Figure 2.3b) [11].

At high temperatures, additives such as LiTFOP [81] and FSE [82] contribute to

the construction of a thermally resilient SEI, while also casting a protective coating

on the cathode. The outcome of this dual-protection mechanism (Figure 2.3c,d) is

the minimization of structural decay on both electrodes, enhancing the cycle life

when the battery is stored/tested at 60 oC. Many compounds initially proposed as
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Figure 2.3 : Tailoring salts and electrolyte additives to extend the operating tempera-
ture of Li-ion batteries. a-b) The decisive effect of charge-transfer. Although solutions
of LiPF6 in alkyl-carbonates exhibit higher ionic conductivities (Rb) than when using
LiBF4 (a), electrolytes containing the tetrafluoroborate anion present lower charge-
transfer resistances (Rct) throughout the entire temperature range which translates
into larger capacity retention (b) at low temperatures (panels a, b reproduced with
permission from ref. [11], Elsevier). c-d) Pictorial representation of dual protec-
tion activity by DFDEC and VC additives in Li1.13Mn0.463Ni0.203Co0.203O2/graphite
full-cells at elevated temperatures: Manganese ions originated from the cathode can
introduce defects at the SEI (c). The combination of these two electrolyte additives
can produce protective layers on both electrodes, suppressing metal dissolution on
the cathode and forming a stable SEI on anode (d) [12]. e) Discharge capacity of
Li1.1[Ni1/3Mn1/3Co1/3]0.9O2/graphite cells cycled at C/3 at 55 oC. The cyclic stability
is largely enhanced using Li2B12F9H3 as a salt and LiDFOB as additive (Reproduced
with permission from ref. [13], NPG).

new salts, such as LiBOB and LiDFOB, have also been tested as additives, since

their film-forming properties can benefit the cell even at low concentrations (Figure

2.3e) [13]. Overall, the screening of new salts and additives has been very successful,
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Table 2.2 : Electrolyte components to extend the temperature range of Li-ion batter-
ies.

Low Temperature (> -60 oC)
Compounds Mechanism

Additives

Fluoroethylene carbonate (FEC, ref. [79]);
Formation of a more conductive SEI and

Butyl sultone (BS, ref. [80]) decrease in charge-transfer resistance (Rct)

Lithium salts

Lithium tetrafluoroborate (LiBF4, ref. [11]);
High ionic conductivity at low

Lithium difluoro(oxalate)borate (LiDFOB, ref. [83]) temperatures, and decrease in Rct

Lithium pentafluoroethyltrifluoroborate High ionic conductivity
(LiFAB, ref. [84]) below -10 oC

Solvents and co-solvents

Diethyl carbonate (DEC, ref. [85]);

Decrease in melting point of electrolyteEthyl methyl carbonate (EMC, ref. [85]);

Propylene carbonate (PC, ref. [85])

Ethyl-2,2,2-trifluoroethyl carbonate

SEI and decrease in Rct

(ETFEC, ref. [86]); Formation of a more conductive

Propyl-2,2,2-trifluoroethyl carbonate
(PTFEC, ref. [86])

Ethyl butyrate (EB, ref. [87]);

decrease in melting point of electrolyte and Rct

γ-butyrolactone (γBL, ref. [88]); Formation of a more conductive SEI;

Methyl acetate (MA, ref. [87]);

Ethyl acetate (EA, ref. [87]);

Ethyl propionate (EP, ref. [87])

High temperature (< 60 oC)
Compounds Mechanism

Additives

FEC (ref. [89]) Formation of a resilient SEI on carbon anode

Propane sulfone (PS, ref. [90]);

thermally stable layer on cathode
Propene sulfone (PST, ref. [90]); Formation of ionically conducting and

Tris(trimethylsilyl)borate (TMSB, ref. [91]);

1,1′-sulfonyldiimidazole (SDM, ref. [92])

1,2-bis(difluoromethylsilyl) ethane

Surface protection on both electrodes

(FSE, ref. [82]);

di-(2,2,2 trifluoroethyl)carbonate
(DFDEC, ref. [12]);

Vinylene carbonate (VC, ref. [93])

Lithium salts

LiBOB (ref. [94]); LiDFOB (ref. [83]); Formation of a resilient
Li2B12F9H3 (ref. [13]) SEI on carbon anode

Lithium tetrafluoro oxalate phosphate

on both electrodes
(LiTFOP, ref. [81]); Surface protection

Lithium (fluorosulfonyl)(nonafluorobutane)
sulfonimide (LiFNFSI, ref. [95])

Solvents and co-solvents

Fluorinated carbonates: Increase in thermal stability
FEC (ref. [96]); F-AEC (ref. [97]) towards charged electrodes

Ionic liquids (refs. [68, 98])

Decrease in electrolyte flammability
Phosphates:

DMMEMP (ref. [99]); DEMEMP (ref. [99])

and it is reasonable to expect it to continue having immense impact in managing

temperature-related problems in LIBs.

2.1.4.2 Organic solvents and co-solvents

labelsolvent

The battery community has long realized the usefulness of combining different

co-solvents to add functionalities to electrolytes (Table 2.1.4.1). A common approach
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for low temperature applications is the addition of low melting point, low viscosity

solvents, as EMC and PC [85], to extend the electrolyte’s liquid range and assure good

ionic conductivity. Recently, this function has been further combined with the ability

to produce a more conductive SEI and to decrease Rct, to which �-butyrolactone [94]

and short-chain acetates [87] have been quite successful. Smart et al. [100] have also

shown that addition of 20 vol.% methyl propionate or ethyl propionate to EC:DMC

mixtures provides over 70% capacity retention when the cell operates at -60 oC.

On the high temperature end, the strategy has been focused on reducing elec-

trolyte flammability and improving its stability towards charged electrodes. Much

work has been done in exploring fluorinated carbonates as co-solvents, since the addi-

tion of fluorine moieties increases thermal resilience and largely improves the anodic

stability of these compounds. Consequently, solvents such as FEC [96] and F-AEC

[97] have been found to drastically improve safety and cycle life at 55 oC. Ionic liquids

have also been investigated as co-solvents, usually in combination with PC, to reduce

flammability [98] and provide additional building blocks for a thermally resilient SEI

[68].

Based on the current state of the literature, it is realistic to project that these

solvents could enable satisfactory battery operation under very cold environments.

However, intrinsic limitations on their physical properties – as flammability, high

vapor pressure and low flash point – limits the ability of these compositions to sustain

long term storage and cycling beyond 80 oC.

2.1.4.3 Solid electrolytes

The absence of volatile or flammable compounds is expected to make solid electrolytes

safer than their liquid counterparts at elevated temperatures. Besides thermal stabil-
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ity, solid polymer electrolytes (SPEs) and ceramic conductors offer attractive design

possibilities, enabling thin film batteries and easy integration to microdevices.

Although electrochemical testing beyond 60 oC is expedient to probe properties

of SPEs, these materials might present issues at temperature extremes. For exam-

ple, slow recrystallization kinetics of the ubiquitous poly(ethylene oxide) (PEO) ren-

ders ionic conductivity highly dependent on the thermal history of the films [101].

Recently, adoption of porous structures of thermally stable polyimide [102] and

poly(tetrafluoroethylene) [103] as skeletons for PEO-succinonitrile-LiBOB compos-

ites provided good results, with conductivities stable for at least 120 hours at 160
oC. Unfortunately, these latter studies did not present further testing on a cell level,

and the actual performance is unknown. Notwithstanding the uncertainties in SPE

behavior beyond 100 oC, these materials have been successful in extending battery

operation to 90 oC [73, 104]. Recent commercialization of such SPE-based batteries

was implemented in the Blue Car/Bus project by the Bolloré Group, wherein battery

packs are heated and operated at 60 oC/80 oC.

The thermal and chemical stability of ceramics have also spurred interest in uti-

lizing crystalline ion conductors as electrolytes. Oxides and phosphates are natural

candidates for enabling safe operation of LIBs in extreme environments, due to their

intrinsic structural stability at high temperatures [105]. Recently, LiPON has been

shown to be stable up to 200 oC [106], although the cell exhibited less capacity than

at lower temperatures and long-term performance was not reported. The sulfide glass

95(0.7Li2S–0.3P2S5)–5Li3PO4 is also known to provide stable cycling at 100 oC [107],

despite the questionable environmental inertness of this family of conductors [108].

Although the resilience of ceramics is not to be disputed, the ability of these rather

brittle materials to sustain thermal cycling in a battery has yet to be confirmed.



29

Reports on the performance of solid electrolytes at low temperatures are scarce in

the literature. It can be anticipated that the large interfacial resistances [109] existing

in most all-solid-state cells are a major challenge for retaining power capability in

cold environments. The ionic conductivities, already low at room temperature, also

plunges as temperature decreases. The transition to solid electrolytes is a possible

way for LIBs to move forward, but the variety of challenges to be solved to achieve

peak performance, even at room temperature, makes the complete substitution of

liquid electrolytes a task hard to be undertaken soon.

2.1.4.4 Room temperature ionic liquids

Ionic liquids (RTILs) hold the promises of producing safer devices and enabling bat-

tery operation at very high temperatures. The main appeal of these compounds is

their non-flammability and negligible vapor pressure within a wide temperature range

[17]. Early assessment of their thermal stability neglected ageing effects on the struc-

tural integrity. Albeit not producing significant amounts of volatile products until

∼300 oC, it has been shown that partial decomposition of the cation can occur af-

ter extended heat treatments at temperatures as low as 140 oC (Figure 2.4a) [14].

Another point of importance is that their effective thermal stability when in con-

tact with charged electrodes might divert from the inertness displayed by the pure

solvents. Wang et al. [15] have shown that, for certain RTILs, onset for thermal

runaway can actually be lower than for carbonate-based electrolytes (Figure 2.4b).

Although this property varies widely with RTIL structure, TFSI anions and some

onium cations are in fact more stable than organic carbonates.

Besides the elevated cost of high-purity RTILs, they are downplayed for their

performance at room temperatures and lower, due to their high viscosity, large Rct
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Figure 2.4 : Ionic liquids in perspective. a) Imidazolium-based ionic liquid before
heating (left), and heated at 250 oC for 12 hours under vacuum (center) and N2

atmosphere (right). The effective thermal stability of these solvents can be much
lower than suggested by thermogravimetric experiments; b) self-heating rate as a
function of temperature for lithiated LTO in contact with EMI-FSI (i), EMI-TFSI
(ii) and BMMI-TFSI (iii). The dashed lines were obtained using ethylene carbonate,
for comparison. Although certain RTIL compositions indeed increase battery safety,
certain combinations can be more reactive towards charged electrodes than carbonate-
based solvents; c-d) High performance RTIL-based electrolytes: using LiTFSI/EMI-
FSI (circles) as electrolyte in graphite half-cells can provide capacities superior to
LiPF6/EC+DMC (triangles) both at low (c) and high (d) temperatures; e) cyclic
stability at 150 oC for a LTO half-cell using a hexagonal boron-nitride-based quasi-
solid electrolyte. These composites can support stable cell operation over a broad
temperature range, also being functional at 24 oC. Panels reproduced from: a, ref.
[14], Elsevier; b, ref. [15], Elsevier. c, d, ref. [16], Elsevier., e, ref. [17], Wiley-VCH.

[68] and low Li+ transference number [17, 68, 110]. Strategies to enable performance

at lower temperatures involves optimizing charge-transfer kinetics [68, 110]. Recent

development of highly conductive FSI-based RTILs has also improved rate perfor-
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mance (Figure 2.4c-d), and addition of LiBOB was found to be especially effective to

improve capacity retention at 0 oC [16]. Although many RTILs freezes below -10 oC,

operability at lower temperatures can be explored by forming eutectic mixtures with

suitable combinations of ionic liquids and lithium salts [111, 112]. However, practical

battery operation in such cold environments has yet to be demonstrated.

At the high temperature end, exploitation of the possibilities enabled by RTILs

are limited by the lack of state-of-art thermally stable separators. Although RTIL-

based polymer gels have been explored [113], rapid decay of mechanical properties

with temperature do little to extend the operating range. Performance at more ex-

treme conditions has been recently demonstrated by immobilizing RTILs in ceramic

materials, as natural clay [64] and hexagonal boron nitride (h-BN) [17]. The com-

bination of h-BN and a piperidinium-based RTIL enabled LTO half-cells to operate

in the 24 oC/150 oC range, with good capacity retention and rate capability during

extended cycling at high temperatures (Figure 2.4e) [17]. Despite the many exciting

developments during the last decade, RTILs share a common challenge with SPEs,

as compositions suitable for deployment at high temperatures often underperform in

milder environments, restricting them to niche applications.

2.1.5 Separators, binders and current collectors

Although temperature effects are less studied in these electrochemically inactive com-

ponents, their state-of-health is essential to sustain cell operation.

2.1.5.1 Separators

Serving as a physical barrier between electrodes, traditional polyolefin-based sepa-

rators also feature a “shut-down” mechanism when exposed to overheating and/or
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overcharge. A practical approach to enhance their thermal stability is to coat inor-

ganic nanoparticles in the separator films. Several studies encompassed the use of

ceramic materials, such as SiO2 and Al2O3, to enhance surface morphology, reducing

thermal shrinkage at elevated temperatures and improving ionic conductivities [114].

Thermosetting polymers have also been investigated as alternative separators.

The thermal and chemical stability of polyimides, especially when cross-linked into

three-dimensional networks, makes them especially attractive for high temperature

applications. Jiang et al. demonstrated that electrospun nano-fibrous polyimide

membranes exhibited no thermal shrinkage at 150 oC [115]. Lee et al. have also

reported that coating polyimide fibers with alumina is beneficial for the separator’s

wetting and transport properties [116].

2.1.5.2 Binders

Mechanical properties of commonly used poly(vinylene fluoride) (PVDF) are com-

promised at elevated temperatures, as the polymer migrates to the electrode surface

at 120 oC, affecting structural integrity [54, 59]. Yan et al. demonstrated that poly-

imide can be synthesized via a one-pot solution polycondensation, and incorporated

into a graphite anode [117]. Such cell exhibited rate capability and cycling behavior

superior to that of conventional binders. Despite the electrochemical characterization

of this work being carried out at room temperature, the use of this thermally stable

polymer lends itself as an attractive binder candidate for extreme environments.

2.1.5.3 Current collectors

Copper has been suggested to be susceptible to oxidation by impurities in the elec-

trolyte [118] and this process can be expected to be accelerated beyond 50 oC, both
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by enhanced kinetics and decay of LiPF6 into HF [78]. Although the anode current

collector (CC) has not received much attention, aluminum has been deeply inves-

tigated, with the main goal of supporting high voltage cathodes. Little attention,

however, has been paid to temperature-related effects on the passivation properties

of this interface.

A possible problem at elevated temperatures is the loss of passivation properties

due to cracking and dissolution of its components. Intrinsic electrolyte limitations

have made it difficult to probe specific effects on the CC, especially since some ther-

mally stable salts, as LiTFSI, seem to be unable to protect aluminum beyond 3.7 V vs

Li/Li+ [119]. Nevertheless, carbonate-based electrolytes containing LiTFSI-LiBOB

mixtures exhibited promising passivating behavior up to 60 oC [120].

Figure 2.5 : Aluminum corrosion in a pyrrolidinium-based ionic liquid at elevated tem-
peratures. a) Cyclic voltammograms of Al/Li cells containing different electrolytes.
The passivation properties are highly dependent on temperature; b) linear sweep
thermometry obtained with the use of different lithium salts, and voltage held at
5.0 V. The onset for aluminum corrosion occurred at different temperatures, being
minimum for LiTFSI and maximum for LiBF4. Figure reproduced from ref. [18], The
Electrochemical Society.

The lack of volatility of RTILs make them ideal systems to probe temperature-
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related phenomena on CCs. As shown in Figure 2.5, anodic stability of aluminum

in a pyrrolidinium-based RTIL varies widely both with the salt of choice and the

operating temperature [18]. A highlight is LiBF4, which seems able to support 5 V

chemistries beyond 85 oC. Although this knowledge cannot be directly transferred to

alkyl-carbonate systems, it serves the purpose of raising awareness for the fact that

passivation behavior can be very dynamic.

2.1.6 Outlook

Battery science has always been a game of tradeoffs, and this also holds when consider-

ing thermal factors. Figure 2.6a compares energy density of commercial rechargeable

batteries against their operable temperature window. Despite LIB’s clear prominence,

the environmental frontiers for these batteries are still modest compared to the pos-

sibilities offered by its core materials. Many reports focus on extending the thermal

usability of individual components, and Figure 2.6b maps some of the standard and

promising materials against their temperature limits, each specifically discussed in

this review.

In designing an optimum battery, materials selection is obviously made with com-

patibility in mind. Apart from immediate reactivity, slow transformations should be

considered before successful implementation, and minding the interfacial reactions

between electrolytes and electrodes at every state-of-charge is essential. Fluorina-

tion of alkyl-carbonates enhances the compatibility between electrolyte and charged

electrodes, whereas salts such as LiBOB and LiDFOB exhibit various benefits to the

thermal resilience of the cell. Phosphate-based cathodes are particularly stable at

high temperatures, with LiFePO4 already transitioning into the consumer’s market.

LVP (Li3V2(PO4)3) is another interesting material to be watched, since it inherits the
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sturdiness from phosphates while also operating at higher voltages than its ferrous

relative and presenting better low temperature performance.

On the other hand, reactions at the anode are highly dependent on the quality

and quantity of the SEI formed. The usability of a battery is dictated by the nature

and evolution of this passivation layer under the operating temperature scenarios.

Li+ transport through SEI is one of the major limiting factors at low temperatures,

and eventually favors lithium plating during cell charging. The choice of cathode

could also influence the anode passivation, due to the presence of minute dissolved

ions from its structure. Formation protocols, which include pretreatments and use

of specific additives, have been a closely guarded know-how of the industry, and

it is uncertain how they will adapt to accommodate thermal extremes. Diagnostic

analyses are essential to rationalize performance decay, while systematic studies on the

correlation between thermal history and state-of-health are necessary to project long

term behavior. While traditional graphite electrodes have a high degree of uncertainty

at either of the thermal extremes, LTO, hard carbons and metallic lithium seem to

be promising alternatives.

The collective knowledge currently available on the subtleties of LIBs is astound-

ing, with an ever-growing library of materials being incorporated to the field. How-

ever, commercial adoption of these materials to engineer battery packs with thermal

tolerance has a long way to go. While most of these reports are impressive and

present valuable insights, they are usually focused on a single component of a bat-

tery. In addition to the material properties, cell level performance is governed by

secondary conditions and interactions between its components. Industrial know-how

clearly surpasses open-sourced scientific reports in this area, and it is yet to be seen

how technology transitions between them.
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Figure 2.6 : A map of reported thermal limits for Li-ion battery materials and
rechargeable battery systems. a) Typical energy densities and temperature windows
of commercially available rechargeable batteries; b) summary of the operating temper-
atures achieved with different cathode, anode and electrolyte materials. The diversity
of LIB-compatible compositions is an asset to the development of thermally resilient
devices.
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2.2 Quasi-solid electrolytes with elevated thermal resilience

Fragments of this section appeared originally in:

Rodrigues et al., Hexagonal Boron Nitride-Based Electrolyte Composite for Li-Ion

Battery Operation from Room Temperature to 150 oC, Advanced Energy Materials

6 (12) 2016 (ref. [17]). Copyright Wiley-VCH Verlag GmbH & Co. KGaA.

Reproduced with permission.

2.2.1 Motivation

Lithium-ion batteries (LIBs) present a combination of extended cycle life and high

energy density, which made them the standard power source for portable devices.

However, a long-standing technical challenge has been impeding its application even

at mildly elevated temperatures (∼60-80 oC) without a significant loss on device

performance [121, 115, 122, 123, 124, 125, 54]. The most immediate problems while

operating LIBs at high temperatures arise due to the failure of the separator and the

electrolyte. The former is usually composed of a thin polymeric film, which can soften

or shrink upon heating, resulting in electrical short circuit [115, 122]. Commercial

electrolytes are based on organic solvents with low boiling points and so an increase

in temperature elevates the internal pressure of the cell, potentially damaging the

electrodes and the packaging; additionally, the most conventional lithium salt (LiPF6)

undergoes extensive decomposition above 55 oC, contributing to several others cell

decay mechanisms [78]. Besides being prone to failure, there are huge safety concerns

with the cells on both situations, as exemplified by battery blown-up occurrences.

Operation at high rates may lead to thermal dissipations that increase the internal

temperature of the cell [123, 124], favoring the occurrence of runaway and failure. In

this scenario, the development of temperature-friendly technologies is a vital step to
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meet the safety expectations for these widely used devices [126, 127].

In addition to being able to handle accidental exposition to high temperatures, the

development of safe and reliable devices capable of working at temperatures over 100
oC would benefit several applications [121, 54]. Early attempts on this regard involved

the use of lithium-containing solutions in ionic liquids (RTIL) as the electrolyte,

due to its high thermal stability and negligible vapor pressure at all temperatures

before it decomposes [128, 15, 129, 130]. Nevertheless, the mechanical stability of the

separator is still an issue [122], although there have been a few promising reports [115].

Polymer electrolytes are often regarded as good alternatives for high temperature

electrochemistry, but they tend to lack mechanical robustness for long exposure to

temperatures higher than 100 oC [121, 131]. In the present section we describe a

lithiated electrolyte system with improved transport properties and thermal stability,

allowing the fabrication of separator-free Li-ion batteries possessing good cycle life

from room temperature to 150 oC.

2.2.2 Materials & methods

Electrode preparation, electrolyte composition and cell assembly: The elec-

trodes were prepared by grinding the active material for the anode (Lithium Ti-

tanate, LTO, < 200 nm particle size, spinel, Sigma-Aldrich) or cathode (lithium-rich

manganese oxide, Li1+xMn2−xO4, LMO, synthesis described below) with ultra-fine

graphite and poly(vinilydene difluoride) (PVdF, Sigma-Aldrich), in a 80:10:10 wt

ratio, followed by the addition of enough N-methyl-2-pyrrolidinone (NMP, Sigma-

Aldrich) to form a viscous slurry. The slurry was then cast onto copper (for the

anode) or aluminum (for the cathode) current collectors (1.21 cm2), by either manu-

ally coating or spray coating [132], and both techniques provided comparable results.
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The electrodes were then dried for at least 24 hours at 85 oC under vacuum. Typical

loadings were in the range of 2-5 mg for anodes and 5-7 mg for cathodes, depending

of the technique employed for casting the slurry. Typical thicknesses are in the order

of 30-40 µm for both.

The quasi-solid electrolytes were prepared by thoroughly mixing appropriate quan-

tities of bulk boron nitride powder (∼1 µm flakes, Sigma-Aldrich) or bentonite clay

(∼1 µm flakes, Southern Clay Products) and a 1 M solution of bis(trifluoromethane)

sulfonimide lithium salt (LiTFSI) in the room temperature ionic liquid (RTIL) 1-

methyl-1-propyl piperidinium bis(trifluoromethane) sulfonimide (PP13-TFSI). The

concentration of the RTIL solution was selected based on ionic conductivity and Li-

ion transference number measurements (Figure 2.12). The paste-like mixture had

a 1:2 BN- and 1:1 clay-to-solution weight ratio, and the typical total weight of the

electrolyte was ∼150 mg per cell. After homogenization, the paste was manually cast

onto the electrode until the entire area was covered, forming a layer with typically

250-300 µm of thickness. Electrochemical testing was carries in a coin-cell format

(2032, Hohsen Corp). Electrolyte preparation and cell assembly were performed in

an Argon-filled glovebox with moisture and oxygen levels inferior to 0.1 ppm. Several

results for cells operating at high temperature were compared to “conventional” cells

tested at room temperature for validation, in which a 1 mol L−1 solution of LiPF6 in

1:1 v/v ethylene carbonate/dimethyl carbonate was used as electrolyte.

Cathode active material synthesis: Spinel Li1+xMn2−xO4 compound was

prepared via sol-gel method from a stoichiometric composition of lithium acetate

(CH3COOLi ·2H2O, Sigma Aldrich) and manganese acetate (CH3COO)2Mn·4H2O,

Sigma Aldrich), with citric acid as a chelating agent. Primarily, the reactants were

dissolved in Millipore water at 70 oC with an effective stirring. An optimized propor-
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tion of reactants to citric acid of 3:1 was employed to achieve homogenous solution.

The process of heating and stirring persisted until a transparent gel was obtained,

which was dried and kept in an oven at 300 oC for 12 h. The resultant powder was

ground and sintered at 850 oC for 12 h under air atmosphere to attain the desired

composition.

Instrumentation and Electrochemical Tests: Galvanostatic Charge - Dis-

charge tests (CD) were performed on a BT-2000 battery cycler (Arbin Instruments),

while Cyclic Voltammetry (CV) and Electrochemical Impedance Spectroscopy (EIS)

were performed on an Autolab PGSTAT 302N potentiostat. CVs were taken at 0.1

mV s−1 and EIS was performed at the indicated open circuit potential, in the fre-

quency range of 1 MHz – 100 Hz with amplitude of 10 mV. Ionic conductivities

were measured by EIS, with the electrolyte placed between two blocking stainless

steel current collectors in a Swagelok cell without a spring, approximately fixing

the cell constant at all temperatures. The electrolyte thickness was taken after the

measurements were performed. For the RTIL solutions, conductivity measurements

were taken using filter paper as separator. The electrochemical stability of the neat

ionic liquid, the lithium salt solution and the h-BN-based composite were evaluated

through linear sweep voltammetry using a 3-electrode configuration. Stainless steel

was implemented as a working electrode and lithium metal strips as both reference

and counter electrode. In order to evaluate the stability windows both at room tem-

perature and at 120 oC of the three electrolytes, an open-cell experiment inside an

argon-filled glovebox was designed. A similar configuration, employing nickel foil as

a working electrode, was utilized for the study of the stripping and plating of Li+ in

the electrolytes. Self-discharge (SD) experiments were carried by allowing cells with

fully-lithiated LTO to rest at open circuit for 24 hours at 120 oC. The ensuing delithi-
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ation capacity was used to provide a metric of the magnitude of the side-reactions in

the system.

Lithium-ion transference numbers (TLi+) were estimated using the polarization

method [133] and applying the equation as modified by Choe et al. [134], which

accounts for variations in the electrolyte resistance over the duration of the experi-

ment. Briefly, EIS spectra of symmetric Li/electrolyte/Li cells were taking prior and

after a potentiostatic hold at a small bias, and the magnitudes of the resistances and

currents observed in the system while in or out of the steady state can be correlated

with relative ion motion. An in-depth discussion of the technique, and of experi-

mental adaptations required for accurate investigation of our systems, is provided in

section 2.2.4.

Raman spectra were acquired from samples sealed in glass tubes. Inclusion of

the samples into the vials was carried in a glove box, to minimize exposure to am-

bient water. The data was collected in a backscattering geometry using a Renishaw

spectrometer with a 514-nm laser and a 5X objective. Scanning Electron Microscopy

(SEM) images were acquired in a FEI Quanta 400 ESEM FEG, using 30 kV as accel-

eration voltage. The samples were carefully deposited over carbon tape and stored in

an Argon-filled glovebox until used. All aging experiments were performed by sealing

the cell component (electrode or electrolyte) in a coin cell case and storing it under

the specified environmental conditions. The assembly and disassembly of cases were

always performed in a glovebox.

2.2.3 Temperature-dependence of ionic conductivity

Our previous efforts in developing electrolytes for supercapacitors [135] and Li-ion

batteries [64] using a clay-based system were successful in showing the possibility



42

of attaining long term electrochemical performance at extreme environments using

ceramic-RTIL composites. A deeper understanding of the ionic transport mechanisms

on this quasi-solid-state system could be beneficial for tailoring similar compositions

with improved performance in Li-ion battery applications. Bentonite clay is known

to have a layered structure, containing exchangeable ions and high charge density in

the interlayer space [136]. The presence of additional ionic species other than Li+ in

the solid may hinder lithium ion transport, building up concentration overpotential

on a cell level. Hexagonal boron nitride (h-BN) arises as an interesting counterpart

to bentonite for use in ceramic composite electrolytes for LIBs, as a model layered

material with no permanent charges or movable cations in its structure, also possess-

ing very high thermal conductivity, and being thermally stable and chemically inert

[137, 138].

The electrolytes were prepared by mixing the ceramics with an appropriate weight

of a 1 mol L−1 solution of LiTFSI in the ionic liquid 1-methyl-1-propyl piperidinium

bis(trifluoromethane) sulfonimide (PP13-TFSI). Although bentonite and boron ni-

tride have a similar flake size of ∼1 µm, h-BN was found to absorb twice as much

RTIL solution as clay before it reached the same paste-like consistence, probably due

to a higher specific volume of the powder. The ionic conductivities of RTIL solution,

clay-RTIL and h-BN-RTIL electrolytes were recorded from room temperature to 150
oC, as shown in Figure 2.7. The addition of ceramic particles was found to reduce ion

mobility, with a more marked effect at lower temperatures. At 24 oC, the conductiv-

ity for the h-BN composite is ∼0.2 mS cm−1, above the benchmark value of 0.1 mS

cm−1 for battery electrolytes [139], while the clay system lies below.

A temperature increase generally produces a positive effect on ion mobility, caused

by factors such as reduced solvent viscosity, and the existence of a larger fraction of
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Figure 2.7 : Arrhenius plot of ionic conductivity for the 1 mol L−1 solution of LiTFSI
in PP13-TFSI and for the BN- and clay-based composites.

charge carriers in thermal states above the activation energy for motion. Investigation

of the particular temperature-dependence exhibited by this physical property, nev-

ertheless, provide insights on the dominating charge-transport mechanisms occurring

in the system.

While the ionic conductivity of solutions of molecular solvents (both aqueous and

non-aqueous) typically display and Arrhenius-dependence with temperature, ionic liq-

uids often exhibit a behavior that is best described by the Vogel-Tammann-Fulcher

(VTF) model. In qualitative terms, the core difference between these two models re-

sides on the matrix’s activity required for the occurrence of net displacement of a unit

charge: while in Arrhenius-like systems the motion of solvent and dissolved species

is independent, a VTF behavior presumes a “solvent-mediated” charge transport.

According to this latter mechanism, charge displacement requires the occurrence of

conformational fluctuations on solvent domains adjacent to the ion, creating a “free-

volume” that can be occupied by the mobile charge centers [140]. The need for this
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segmental motion creates an additional temperature-dependence on VTF-like sys-

tems: besides the conventional activation-related correlation with temperature (anal-

ogous to Arrhenius-like solutions), conductivity will also be influenced by how the

structural changes of the matrix respond to thermal fluctuations. Given the necessity

of segmental mobility for the manifestation of the VTF mechanism, this behavior

is normally observed in highly amorphous systems, as in polymer electrolytes. As

ionic liquids are essentially molten salts, the existence of an elevated charge density

(as well as the large side-chains often occurring in these compounds) contributes to

the formation of a highly correlated phase. As a consequence, it is not uncommon

for RTILs to exhibit glass transition, justifying the observation of a VTF-like con-

duction mechanism. Molecular dynamics studies of these systems have consistently

depicted the prominence of ion hopping mechanisms [141], interestingly mimicking

the behavior of polymer electrolytes in a liquid system.

A common formulation for the Vogel-Tammann-Fulcher equations is:

σ =
A√
T
e(

−Ea
R(T−To)

) (2.1)

where � is the ionic conductivity, A is a pre-exponential factor, T is the absolute

temperature, To is the ideal glass transition temperature and Ea is a pseudo-activation

energy. As the glass transition temperature signals the minimum energy required for

the occurrence of significant segmental motion, conductivity soars at T » To.

Temperature dependence of the ionic conductivity of the systems studied here is

presented in Figure 2.8, and confirms the expected VTF behavior. The parameters ex-

tracted from model-fitting of the data are presented in Table 2.3. The pre-exponential

factor A is proportional to the number of charge carriers in the electrolyte [142] and

although it evidently dropped with addition of ceramic components, it is interesting
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Figure 2.8 : Modelling the ionic conductivities of the electrolytes: VTF plots for the
1 mol L−1 solution of LiTFSI in PP13-TFSI (a), h-BN composite (b) and clay-based
composite (c).

Table 2.3 : Fitting parameters obtained by applying the VTF model to the conduc-
tivity data for the studied electrolytes.

Sample A (S cm−1 K−0.5) Ea (kJ mol−1) To (K) R2

1 mol L−1 1.55 4.22 207 0.99767

BN + 1 mol L−1 0.77 3.95 216 0.99945

Clay + 1 mol L−1 0.36 1.79 265 0.99636

R2 is the coefficient of determination for the fitting

to note that the ratio between Ah-BN and Aclay is ∼2. Assuming that both compos-

ites have comparable densities, this factor is larger than the expected simply due to

the presence of ∼30% more ionic liquid solution in the h-BN system, suggesting that

the actual nature of ceramic within the electrolyte impacts the ion distribution and

the effective free-volume. Interestingly, the presence of ceramic particles resulted in a

decrease in the pseudo-activation energy, possibly due to a local partial screening of

coulombic interactions in the ionic liquid, with a more significant effect observed with

the presence of the charged platelets of clay. The ideal glass transition temperature is

higher in the composites than in the RTIL solution, indicating stronger solute-solvent

interactions.



46

2.2.4 Transport of lithium ions

Although the data in Figure 2.7 depict the overall ionic motion in the investigated

electrolytes, it does not represent the specific Li+ conductivity, which is the essential

metric for LIB operation. The ionic nature of RTILs imply in the existence of several

charged species other than Li+ migrating in the cell, which may deplete the concen-

tration of lithium ions in the electrode vicinity. This contributes to an increase in

concentration overpotential and thereby affects device operation, especially at high

rates. As a consequence, in addition to the ionic conductivity, the effectivity of an

electrolyte for use in Li-ion batteries depends on what fraction of the charge is actu-

ally being transported by lithium ions. This property is measured by the transference

number, which is essentially the ratio between the mobility of a given charge carrier

divided by the summation of the mobilities ui of all charged species present in the

electrolyte. In the context of the work discussed in this section, the transference

number for Li+ (TLi+) in the ionic liquid PP13-TFSI can be approximately∗described

by

TLi+ =
uLi+

(uLi+ + uPP+
13
+ uTFSI−)

(2.2)

Although lithium ions intrinsically possess a small ionic radius, they exist in a

highly solvated state in the bulk RTIL solution, and tend to be the least mobile

∗The alternative term “transport number” conveys a very similar meaning, although with a core

distinction: while “transport” applies for systems in which ions exist as fully dissociated entities,

“transference” includes the effect of ion pairing and the formation of more complex charged clusters

[143]. This work opted for the use of “transference” for generalization. Equation 2.2 is only an

approximation, as it omits the contribution of the unknown associated species that may exist in the

electrolyte.
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species in the system. Transference numbers in ionic liquids typically follow the order

Tanion > Tcation > TLi+ , with ∼0.4 < TLi+ < ∼0.02 [141, 144].

Transference numbers can be experimentally determined by several techniques

[145], which generally involve electrochemical essays in configurations that allow the

isolation of current flows arising from specific charge carriers, or analytical tools that

permit the direct determination of diffusion coefficients (which are related to mobility

by a constant factor, for a given system). The protocol utilized in the present work,

known as ac/dc polarization method [133], falls into the former category. This ana-

lytical framework was originally developed for the study of solid polymer electrolytes,

and its successful application to liquid systems require certain cautions [134] that,

to the best of our knowledge, have eluded many previous reports in the literature.

To highlight the artifacts that can be introduced by improper experimentation, the

rationale behind the ac/dc polarization method will be briefly discussed here. The

reader should be warned that the original theoretical formulation [146] only considers

ideal systems containing a binary salt and ions with unit charge, which is clearly not

the picture in ionic liquids. Nevertheless, given the minimized standard deviations

obtained with the optimized protocol described below, we confidently consider that

the results presented here have semiquantitative validity, i.e., they capture trends

and relative magnitudes, but perhaps not absolute values.

The ac/dc polarization technique is based on the assumption that, in a symmetric

cell containing electrodes which are non-blocking only towards lithium ions, the ap-

plication of a constant potential over a long time leads to a steady state, in which the

ion distribution is in equilibrium and the overall current flow solely arises from the

migration of Li+. These conditions can be practically achieved by constructing a cell

containing two lithium electrodes and the electrolyte. Assuming that the diffusion
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coefficients of all charge carriers in the system are invariant over the course of the

experiment, TLi+ is simply the ratio of the Li+ current flow by the current produced

by all ions in solution. Experimentally, this corresponds to

TLi+ =
Is
Io

(2.3)

where Io is the current measured in the system immediately after the application

of a constant voltage ∆V, and Is is the stable current observed in the steady state

(Figure 2.9a).

Figure 2.9 : Example of results obtained for determining TLi+ for the h-BN composite
at 23 oC (a) and at 60 oC (b), showing reduced resistance of the passivation film
(insets) and an accelerated achievement of the steady state at higher temperatures.

In practice, this relationship only holds true if cell resistance is invariant, which

is often not the case: Li metal electrodes are extremely reactive, and their reducing

surfaces readily decompose a portion of the electrolyte, forming a surface layer; in

many realistic scenarios, however, the composition and morphology of this layer is

constantly evolving, leading to alterations on the resistance of this interface. Equation

2.3 can be corrected by acquiring the impedance spectra of the cell immediately before



49

and after the application of ∆V (Figure 2.9a, inset), and using the extended expression

TLi+ =
IsRf

IoRi

(
∆V IoRp,o

∆V IsRp,s

) (2.4)

where Ri and Rf are the bulk resistances before and after the dc polarization,

respectively, and Rp is the resistance of the passivation layer on top of lithium metal.

The bulk resistance is given by the leftmost intersect with the x-axis, while Rp is the

diameter of the semicircle in the inset of Figure 2.9a.

According to the mathematical formalism utilized to derive Equation 2.4 [146],

the bias applied to the cell to determine the lithium-ion transference number should

be small enough to guarantee the existence of a low concentration gradient within

the electrolyte. For systems where the bulk resistance is comparable to or even

larger than the resistance of the passivation film (as polymer electrolytes), potentials

in the order of 5 mV are commonly employed for the task. However, as proposed

by Choe et al. [134], when the electrolyte layer is much more conductive than the

passivation film (i.e. Rf « Rp,s in Equation 2.4), the application of small biases leads

to a large ohmic drop through the interface, and the effective potential experienced

by the electrolyte is too small to result in consistent readings. For illustration, a 5

mV bias applied to the cell in Figure 2.9a would produce an iR drop of ∼4.6 mV in

the Li/electrolyte interface, while the effective voltage within the electrolyte would

only be ∼0.4 mV; under these conditions, the latter potentials are far too small to

produce a significant contribution to the measured currents, which are dominated by

ion transport through the surface layers. The formation of these “passivation layers”

on Li electrodes is fairly stochastic (given their surface reactivity), giving rise to

systems with inhomogeneous transport properties; improper experimental conditions

thus lead to enormous standard deviations, which can actually be used as an indicator
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of the correctness of the testing conditions. In the present work, the dc relaxation

step at room temperature required higher voltages (20-130 mV), producing ohmic

drops through the electrolyte in the range of 2-5 mV, which was still low enough

to comply with the low concentration gradient requirement. The voltages necessary

to create the appropriate gradient varied with temperature, as the ratio of bulk to

interfacial resistance is altered; additionally, testing time is much shorter at elevated

temperatures, as the higher ionic mobility favors the prompt establishment of a steady

state (Figure 2.9b).

At room temperature, the TLi+ was found to be 0.093 ± 0.029, 0.076 ± 0.009 and

0.060 ± 0.001 for the 1 mol L−1 solution of LiTFSI in PP13, the h-BN and the clay

composite, respectively, and the values are in the same range of other reports for ionic

liquids in the literature [128, 147, 148]. Compared with clay-based quasi-solid elec-

trolytes, the h-BN composite exhibits advantages both in ionic conductivity (section

2.2.3) and Li+ mobility. Changes in the transference number may occur as a conse-

quence of adding extra ions to the electrolyte or by uneven changes in the diffusion

constants of charge carriers. In the case of clay, the negatively charged platelets may

influence the ion mobility in the electrolyte. Ceramic fillers at small concentrations

have been widely reported to improve transport properties in polymer electrolytes by

promoting salt dissociation [149] and avoiding chain recrystallization [150]. Neverthe-

less, at higher concentrations the particles tend to aggregate, reducing the effective

contact area with the electrolyte and negatively affecting charge transport. Since the

clay composite has a high solid content, the actual role of the ceramic particles might

be reduced due to phase segregation. Another factor to consider is that ion exchange

might be happening at a small extent between the liquid phase and the clay, thus

depleting the concentration of Li+ in the electrolyte and reducing the transference
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number.

Figure 2.10 : SEM images of: a) bure BN; b) fresh BN-RTIL electrolyte. A 10 nm
layer of gold was sputtered on top of the samples to minimize charging.

For hexagonal boron nitride, rationalization of the experimental results is more

complex, as h-BN is expected to weakly interact with ionic liquids [151]. The h-

BN composite comprises a uniform distribution of boron nitride particles and ionic

liquid, as observed using scanning electron microscopy (SEM) in Figure 2.10, and

no obvious phase segregation can be observed. The specific interactions between

the h-BN and the RTIL are very weak, and no major changes were observed in the

Raman spectrum of the composite as compared to the 1M solution of LiTFSI in

ionic liquid (full data not shown here). However, the solvation of lithium ions by

TFSI- can be monitored by analyzing the band at ∼745 cm−1, assigned to the full

anion vibration [152], as shown in Figure 2.11. This band can be resolved into two

components, originated from the vibration of free anion (∼742 cm−1) and Li+-bound

TFSI- (748 cm−1). As clear in the plots, addition of lithium salt increases the fraction

of anions involved in strong solvation, as indicated by the enhanced intensity of the
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Figure 2.11 : Raman spectrum of the BN system in the region of TFSI− full anion
vibration. The spectra for LiTFSI solutions in RTIL with different concentration is
also provided for comparison. The dots are experimental points and the red line is
the fit obtained combining the two band components.

high frequency component. The analysis of the spectra also show that addition of

boron nitride increases the relative area of the bound TFSI- component by ∼5%,

showing that Li+ is actually more intensely solvated by the anions in the presence

of the ceramic. Since the h-BN does not show strong interactions with the other

components, this effect might be a consequence of a confinement of the ionic liquid

solution by the h-BN particles, reducing the average separation between the ions in the

system. This is also in agreement with the higher To values found after fitting the ionic

conductivity data using the VTF model (Figure 2.8). It is not clear, however, how

this differential solvation translates into alteration in transport properties; although

increased ion clustering (and viscosities) at higher salt concentrations lead to worsened

ionic conductivities in LiTFSI/PP13-TFSI solutions (Figure 2.12a), these effects are

accompanied by an enhancement in Li+ transference numbers (Figure 2.12b). In

the case of the h-BN composite, however, a slightly smaller TLi+ was observed in
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the presence of stronger Li-TFSI solvation. In this case, alterations in the transport

properties of the electrolyte may be arising from the formation of larger charged

clusters or from unaccounted variations in the diffusivity of piperidinium cations; what

is clear, nevertheless, is that the introduction of a high fraction of weakly interacting

solid particles to the electrolyte offer interesting possibilities of tuning the activity of

charge carriers.

Figure 2.12 : Dependence of ionic conductivity (a) and TLi+ (b) on LiTFSI concen-
tration in PP13 solutions.

Temperature effects on lithium ion transference numbers were also measured for

both the RTIL solution and the h-BN electrolyte (Figure 2.13a). The values present

only a slight increase above 80 oC, indicating that the Li+ solvation remains nearly

unchanged within the temperature range and that the temperature dependence of

the diffusion coefficients of all species in the liquid phase is about the same. A

noteworthy phenomenon is that above 100 oC the impedance spectra for some cells

(∼50% of 1M PP13 and ∼10% of h-BN composite) presented features that were not

observed at other temperatures, as shown in Figure 2.13b. The existence of two

semicircles in the spectra can be ascribed to either a charge transfer resistance or

to another passivation film. Resistances arising from both processes are expected
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to decrease with an increase in temperature [123, 124], but the additional semicircle

always seemed to present larger Rp values than it would be expected. It is also

possible that the nature of the passivation layer on top of lithium metal changes at

higher temperatures, forming a composite structure being composed by porous and

by compact segments [125], although it is not clear why this was not observed for

all cells. Regardless of the origin of this curious behavior, both semicircles accounts

for the overvoltage across the Li/electrolyte interface and were summed to obtain the

resistances used to calculate the Li+ transference number.

Figure 2.13 : a) Evolution of TLi+ with temperature for the h-BN composite
and the 1 M LiTFSI/PP13-TFSI solution; b) impedance behavior of symmet-
ric Li/electrolyte/Li cells often observed for the electrolytes (mostly 1 mol L−1

LiTFSI/PP13-TFSI) at 100 oC and 120 oC. The Nyquist plot was purposely rep-
resented with asymmetric axis for the sake of clarity.

2.2.5 Electrochemical stability

The boron nitride-RTIL composite presented adequate conductivity and stable Li+

transport properties in the range of 23 oC to at least 120 oC. However, the successful

application in LIBs requires compatibility with an appropriate potential range, with-

out the presence of unwanted reactions. The electrochemical stability of the neat ionic
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liquid, the lithium salt solution and the h-BN-based composite were evaluated both

at room temperature and 120 oC through 3-electrode measurements, using lithium

metal as both the counter and reference electrodes, with a stainless steel working

electrode.

All the samples presented extended cathodic stability, as shown in Figure 2.14.

A broad and low intensity peak was found in all three samples at all temperatures,

and is possibly related to the reduction of TFSI- anions in the stainless steel working

electrode [153]. The position and intensity of the peak changed with the sample and

temperature of the experiment.

Figure 2.14 : Anodic (top) and cathodic (bottom) linear voltammetry scans at 120
oC (a) and 24 oC (b) for the neat ionic liquid, the 1 mol L−1 LiTFSI/PP13-TFSI
solution and the h-BN-based electrolyte. The legends apply for both plots.

The anodic stability showed interesting results. At room temperature (Figure

2.14a), addition of a lithium salt was found to keep the overall stability limit almost

unchanged, although upshifting a low intensity redox peak. The h-BN composite,

however, presented enhanced anodic stability. At 120 oC the anodic stability showed

drastic changes, rising from ∼4 V for the RTIL to ∼4.9 V for the solution and ∼5.4
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V for the h-BN electrolyte. Although the accurate evaluation of the electrochemical

stability of ionic liquids is difficulted by the lack of a proper reference electrode [154],

the origin of this difference in behavior might be related to alterations in the solvation

state of the ions within the electrolyte [155].

Changes in the electrochemical stability of RTILs both with temperature increase

and lithium salt addition have been reported by other groups [155, 153, 156]. It is clear

from Figure 2.14b that the anodic stability of the RTIL at high temperature increases

after addition of LiTFSI, with an even larger enhancement attained when h-BN is

mixed with the RTIL-based solution. In the latter case, the overall electrochemical

window was found to be broader than 4.7 V (from 5 V down to < 0.3 V vs Li/

Li+) at 120 oC, possibly enabling its use with high energy density cathodes and

anodes. Since the anodic stability can be expected to be strongly related to the

reactivity of TFSI-, the intensification of Li-TFSI interactions with addition of h-BN,

as observed by Raman spectroscopy (section 2.2.4), might explain the observation

of a wider electrochemical window. The electrolyte was also found to be compatible

with lithium metal electrodes, showing a reversible plating/stripping behavior both

at room and high temperatures (2.15). Given the enhanced ion mobility and the

accelerated reaction kinetics at 120 oC, the overpotentials for these processes are

lower than at 24 oC, and the associated peak currents are sharper.

2.2.6 Cycling properties of half-cells

Although there are several reports on the effects of cell overheating and abuse on

lithium secondary batteries [123, 124, 157, 158, 159], little is known about actual

devices operating at temperatures above 80 oC. High energy density anode materials

generally rely on the formation of a stable passivation layer to achieve stable per-
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Figure 2.15 : Cyclic voltammograms of the BN electrolyte in a 3-electrode setup (Ni
as working electrode and Li metal as both reference and counter) showing a reversible
plating/stripping behavior at room temperature (a) and at 120 oC (b).

formance, adding complexity to the electrochemical investigations (sections 2.3 and

2.4 of this document approach this problem). In order to simplify the system on

a device level, cell testing was performed using half-cells based on lithium titanate

spinel (Li4Ti5O12, LTO), which presents a high lithiation potential of ∼1.5 V and the

apparent absence of a thick, permanent SEI layer [160].

LTO half-cells containing the h-BN-based electrolyte were tested at 120 oC, and

electrochemical performance is presented in Figure 2.16. The cyclic voltammograms

(Figure 2.16a) show sharp and symmetric peaks corresponding to the lithium insertion

and extraction into/from the LTO, with the apparent absence of additional reactions.

Cells were tested by constant-current charge - discharge at different C-rates (Figures

2.16b-e), showing unprecedented cyclic stability, without significant capacity fade

even after extended testing times. As an example, Figure 2.16b shows the cyclic

stability for a cell tested at a ∼C/8 rate, where the capacity is nearly constant at 158

mAh g−1 for more than 50 cycles and a total test time of over a month. The absence

of thermal runway on the cells and the non-flammability and negligible vapor pressure

of the electrolytes show that the h-BN composite allows reliable and safe operation
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Figure 2.16 : Performance of LTO half-cells containing the h-BN composite as elec-
trolyte: a) cyclic voltammograms taken at 120 oC with a scan rate of 0.1 mV s−1,
showing symmetric and sharp peaks; b) cyclic stability for a cell operated for 32 days
at a C/8 rate at 120 oC, showing stable capacity of 158 mAh g−1; c-e) cyclic stabil-
ity at high temperature under different C-rates; f) average coulombic efficiency as a
function of the current density for LTO half-cells cycled at 120 oC.

for Li-ion batteries.

In contrast to previous reports in the literature of Li-ion cells operating within

this same temperature [121, 54], the half-cells prepared using this composite elec-
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trolyte delivered exceptional coulombic efficiency values at 120 oC for a broad range

of current densities even after several charge - discharge cycles, as presented in Figure

2.16f. In general efficiencies over 98% were observed, showing the high reversibility

of the electrode reactions at such extreme conditions and posing a good indication

of the stability of the electrolyte under a long-term exposure to harsh environments

while involved in electrochemical processes. Additionally, the lithiation kinetics was

found to be so favored at high temperatures that changing the C-rate had only minor

effects on the delivered capacity (Figure 2.17a). The high capacity values and low

polarization observed for the cells at 120 oC were actually comparable to the perfor-

mance of devices prepared with a conventional organic electrolyte and operated at

room temperature (Figure 2.17b).

Figure 2.17 : a) Rate capability of h-BN-based cells at 120 oC; b) comparison between
the charge - discharge profiles of a half-cell containing the h-BN composite (cycled at
120 oC) and a half-cell containing 1 mol L−1 LiPF6 in EC:DMC 1:1 (v/v) (cycled at
23 oC), obtained at a C/8 rate. The performance is very similar, with both systems
showing low polarization.

Since the electrolyte presented reasonable ionic conductivity and TLi+ at 24 oC,

it was also operational at room temperature. Nevertheless, the sluggish transport

properties and a less efficient electrolyte wetting onto the electrode surface (due to
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the elevated viscosity of the composite) accounted for a larger overpotential (Figures

2.18a-b). Although the capacities reported for tests at 120 oC presented consistent

values, experiments at room temperature provided capacities ranging from 54 mAh

g−1 to 101 mAh g−1 (an example is shown in Figure 2.18c), being highly dependent

on the thickness of the electrolyte layer (and thus the total resistance of the device).

In spite of the fact that cell capacity at 24 oC is ∼50% of the performance displayed

at 120 oC, the complete storage capability of the electrolyte could be achieved at

temperatures as low as 60 oC, as shown in Figure 2.18d.

Figure 2.18 : a) Cyclic voltammograms obtained at room temperature and a 0.1 mV
s−1 scan rate; b) comparison of charge - discharge profiles between cells cycled at
a C/8 rate at room temperature and at 120 oC. The elevated ionic conductivity at
higher temperatures leads to a lower polarization and to large specific capacities;c)
cycling behavior of the cell at a C/8 rate at room temperature. The scattering in
the first few points are due to an initially noisy cycling, sometimes observed under
these conditions; d) cycling data for a same cell at different temperatures, tested a
C/3 rate. Peak performance is achieved above 60 oC.
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2.2.7 Aging of components at elevated temperature

A big challenge in successfully operating an electrochemical device at 120 oC is to

assure that all components are stable over extended periods under such conditions.

Although most of the literature discusses the thermal stability of ionic liquids based

on thermogravimetric analysis (TGA), this might not be a realistic figure of merit

for applications that require long term exposition to high temperatures [161, 162].

Chemical transformations in the ionic liquid at lower temperatures may form non-

volatile electrochemically active species that can strongly affect cell performance. As

an example, Meine et al. [163] found that alkylimidazoles were being formed after

heating certain imidazolium-based RTILs for 24 hours at temperatures above 120 oC

(refer to section 2.1.4.4 for additional insights on the topic).

To probe the long-term stability of the electrolyte, ageing tests were conducted

by exposing a sealed sample of the h-BN composite to high temperature for different

periods, and then using it to prepare LTO half-cells. Exposition of the electrolyte

paste to 120 oC for a period of 20 days did not lead to any visible changes (Figure

2.19a). High-temperature electrochemical performance of the cells prepared using

such aged electrolyte was similar to the one presented by half-cells containing fresh

electrolyte. Impedance spectra for cells using the composite aged for 10 and 20 days

are presented in Figures 2.19b and c, respectively, and the observed changes are a

small increase in the ESR and the existence of a semicircle at high frequency. Small

changes in the electrolyte conductivity can occur upon electrolyte aging [164, 165],

while the development of a semicircle can be related to a small increase in the charge

transfer resistance or due to the passivation of the lithium metal electrode. From

the symmetric cells used to determine Li+ transference number it is known that any

passivation film would have a very low resistance at 120 oC (typically < 1 Ω) and
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Figure 2.19 : Characterization of the h-BN-based composite electrolyte aged at 120
oC before being used in a half-cell: a) photograph of the electrolyte paste, showing
no visible changes even after 20 days of exposure to high temperature; Nyquist plots
obtained at 120 oC for uncycled half-cells assembled using electrolyte aged for 10 days
(b) and 20 days (c). The insets, with units in kohm, show the high frequency region;
d) Voltammograms for the first five cycles of the half-cell prepared using the h-BN
composite aged for 20 days.

so charge transfer may account for most of the change. An alternative possibility is

that partial electrolyte decomposition over time led to the formation of surface films

with distinct compositions, increasing the interfacial resistance of the Li electrode.

Regardless of the actual origin of this phenomenon, the effect is rather small for

exposure to such an extreme environment for 20 days. Additionally, LTO half-cells

cells containing the aged h-BN composite were tested by cyclic voltammetry and the

observed profiles were found to closely resemble the one for cells using fresh composite
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(compare Figure 2.19d with Figure 2.16a). This further supports the superb stability

of the electrolyte towards high-temperature conditions, showing that aging may have

limited effects on the overall performance.

The effect of thermal aging on the LTO electrodes was also investigated. Bodenes

et al. [54] have found that testing conventional Li-ion cells at high temperatures

triggered a redistribution of the PVDF binder within the cathode, originating a thin

polymer-rich layer on the electrode surface. Moreover, they have also noted that a

fraction of the binder may also be transferred through the separator, forming deposits

at the anode’s surface. The aftermath of this process is an increase in cell impedance,

leading to capacity fade. It is also important to note that 120 oC is close to the melt-

ing point for PVdF [166], and the reduced mechanical properties can affect its binding

properties and contribute to reduced coulombic efficiency. In order to confirm if the

LTO anodes were stable towards the electrolyte at high temperatures, electrodes were

sealed and placed in an oven at 120 oC for 20 days in the presence of the RTIL or the

1 mol L−1 solution of LiTFSI. The electrodes were them unsealed inside an Argon-

filled glovebox, thoroughly washed with dimethyl carbonate and then used to prepare

half-cells containing a conventional organic electrolyte (1 mol L−1 LiPF6 in 1:1 vol.

EC:DMC). The cyclic stability remained unchanged for the aged electrodes, with even

a slightly higher capacity observed in comparison to cells prepared using fresh ones

(Figure 2.20a). However, even for electrodes aged in the absence of ionic liquid, the

cells tended to present coulombic efficiencies slightly larger than one, indicating that

a permanent change had taken place. Further investigation showed a large increase

in the charge transfer resistances for cells using aged electrodes (Figures 2.20b-d),

indicating that a process similar to the one described by Bodenes et al. [54] might be

occurring. Although additional experiments are needed to reach a substantiated con-
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clusion, the poor mechanical properties of PVDF at high temperatures [166] indicate

that its binding properties are not ideal for cell operation above 100 oC.

Figure 2.20 : Electrode aging experiments: a) delithiation capacities at 24 oC for LTO
half-cells assembled using fresh and aged electrodes, with 1 mol L−1 LiPF6 in EC:DMC
1:1 (v/v) as electrolyte; electrochemical impedance spectra for cells prepared using a
fresh (b) electrode and electrodes aged at 120 oC for 10 (c) and 20 (d) days. Insets
show amplified view of the high frequency region. All spectra were collected in the
delithiated state.

2.2.8 Impedance evolution during cycling at 120 oC

Despite the stable cycling performance at room temperature observed after individu-

ally aging the electrode and the electrolyte, the slight changes observed in the charge-

transfer resistance and coulombic efficiencies indicate that time dependent processes
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may occur on a device level upon long-term cycling. Based on the information gath-

ered for the separated components, the impedance evolution of the half-cells at 120
oC can be analyzed. A total absence of significant interfacial processes was observed

for the uncycled cell, resulting in a purely diffusive behavior under impedance spec-

troscopy test (Figure 2.21a). A high frequency semicircle is visible after a few cycles

at C/8 (Figure 2.21b,c), originated from a convolution of the low-resistive passivation

layer on top of the lithium metal and charge-transfer processes (with contributions

from electrode and electrolyte, as noted from the aging experiments). An additional

contribution to the semicircle may come from the formation of a thin SEI-like layer

on top of the LTO electrode, explaining the irreversible capacity in the first cycle of

charge - discharge (Figures 2.16b-d). Judging from the behavior of the mid-frequency

features of the EIS spectra (and invoking the observations of section 2.2.7, electrolyte

aging effects seemed to be dominant at early stages, with larger resistances from the

electrode aging taking over upon further cycling. On a separate (yet meaningful)

note, inspection of the panels in Figure 2.21 shows that the resistance of the elec-

trolyte (leftmost intersect with x-axis) is nearly constant even after extensive cycling,

further indicating the stability of the composite.

2.2.8.1 Self-discharge at 120 oC

Although the electrolyte presents noticeable performance at 120 oC, high tempera-

tures could possibly allow thermally-activated processes to happen, triggering addi-

tional decomposition mechanisms. Wang et al.[11] reported that certain RTILs are

incompatible with electrodes in the high energy, charged state, presenting an on-

set for thermal runway at temperatures lower than for conventional EC:DEC-based

electrolytes. An alternative way of probing the stability of the h-BN composite elec-
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Figure 2.21 : Impedance spectra at 120 oC for LTO half-cells containing the h-BN
composites at different cycling stages at high temperatures: a) fresh cell; cells after 5
(b) and 50 (c) cycles. A C/8 rate was employed in the experiments. All spectra were
collected in the delithiated state.

trolyte toward the charged electrode at high temperatures is through the analysis of

self-discharge (SD) behavior and further stability of the cell upon recharge. For these

tests, the cells were initially cycled at 120 oC at a C/8 rate for 3 cycles, as shown in

the blue curve in the profiles of Figure 2.22a. The LTO was then lithiated (charged)

at a C/8 rate and allowed to self-discharge, still at 120 oC, for 24 hours. The SD

curve was recorded in an Autolab potentiostat, and is shown in the red portion of

Figure 2.22a. During the self-discharge the cell potential quickly rises to a value

slightly lower than the plateau voltage for LTO. The C/8 capacity retrieved from the

cell after 24 hours of open circuit at 120 oC corresponds to 97% of the cell capacity,

and no permanent capacity loss was observed in the ensuing cycles following the SD
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(Figure 2.22b). The high extent of capacity retention and the absence of irreversible

losses after self-discharge provide an independent evidence of the electrolyte stability

in harsh environments, even in the presence of a charged electrode.

Figure 2.22 : Self-discharge measurements for a LTO half-cell at 120 oC: a) charge
- discharge profiles for the sample allowed to self-discharge for 24 hours. The gal-
vanostatic portion (C/8 rate) is shown as blue, while the SD curve is colored red; b)
delithiation capacity for each cycle. The 4th cycle, pointed by the red arrow, indicates
the capacity retrieved after 24 hours of SD.

2.2.9 Cell performance at 150 oC

The overall cell performance obtained at 120 oC excels in all levels and draws a clear

picture that the testing conditions were still far from the electrolyte possibilities. In

order to highlight the perspectives of this technology, the environmental boundaries

were pushed even higher, by increasing the temperature of operation of the LTO half-

cell to 150 oC. Figure 2.23a shows a cyclic voltammetry at 150 oC, showing that the

electrochemical stability of the electrolyte holds up at higher temperatures and that

the mechanical properties of the h-BN system is still large enough to avoid short-

circuits. Although the peaks display some extent of broadening after the first few
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cycles, the cell is able to deliver a stable capacity with a high coulombic efficiency

of 97% (Figure 2.23b). A change in the shape of the peaks was also observed in CV

measurements with slower scan rates (not shown here) and seems to be essentially

time-dependent. Since it is unrelated to cell cycling, we postulate that it may arise

from changes in the electrode that affect the overall kinetics of the device, possibly

involving redistribution of the PVdF binder (see section 2.2.7), but without seriously

affecting the electrode’s ability to store charge. To the best of our knowledge this

is the highest temperature of operation ever reported for a Li-ion battery that can

also perform at room temperature. The cycling behavior at 150 oC may be further

improved by using an appropriate binder and by employing appropriate electrode

processing techniques.

Figure 2.23 : Perspectives for h-BN composite electrolyte: cyclic voltammetry (a)
and cyclic stability (b) of a LTO half-cell containing the h-BN composite tested at
150 oC. Although there are changes in the electrode kinetics over time, the electrolyte
is electrochemically stable and the capacity fade is negligible.
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2.2.10 Full-cell studies at 120 oC

Studying anode half-cells was remarkably useful to evaluate and understand the per-

formance of the h-BN composite electrolyte in cells operating at high temperatures.

Since practical devices are largely built in a full-cell configuration, it is also impor-

tant to evaluate the electrolyte compatibility with the chemistry and voltage ranges of

cathodes. Initial attempts with lithium-rich manganese oxide (Li1+xMn2−xO4, LMO)

as electrode explored here show promising results. As clear from the charge - discharge

profile and cyclic voltammograms for a LMO half-cell at 120 oC (Figures 2.24a and

b respectively), this material presents two lithiation plateaus, with onsets at ∼3 and

∼4 V, with a total practical delithiation capacity of 146 mAh g−1. The high extent

of reversibility of the electrode reactions observed in the CV plot is a good indica-

tion that LMO is fairly suitable for high temperature applications, and demonstrates

that the composite electrolyte can cater to the potentials experienced by cathodes in

Li-ion batteries.

Figure 2.24 : Compatibility of the h-BN electrolyte with cathode materials: a) cyclic
voltammogram of a Li1+xMn2O4 half-cell tested at 120 oC; the charge - discharge
profile in (b) shows that at high temperature the h-BN electrolyte allows performance
similar to conventional electrolytes tested at room temperature.
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Having confirmed the compatibility of the electrolyte at both anodic and cathodic

potentials using lithium half-cells, a preliminary attempt was also made to test the op-

erability of the electrolyte in a full-cell configuration. Using LTO and Li1+xMn2−xO4

as electrodes, cells were tested with the h-BN composite and also with conventional

organic electrolytes. The cell configuration was balanced by considering only the high

voltage plateau of the cathode. Cyclic voltammetry tests performed at 120 oC for

the h-BN resulted in comparable profile as that of the organic electrolyte at room

temperature (Figures 2.25a,b), and the lack of spurious peaks at high temperatures

indicates the compatibility of the electrolyte with the potential range of a full-cell

operation. The cell with h-BN electrolyte tested at 120 oC delivered a stable voltage

profile with distinctive plateaus, resulting in a reasonable cyclic stability (Figures

2.25c,d). Naturally, achieving long-term performance requires addressing the many

issues this cathode material may exhibit (see section 2.1.2.2), which are beyond the

scope of this exploratory work. These initial results build a solid starting point for

developing stable battery systems with outstanding temperature stability.

2.2.11 A note on feasibility

This section described how a gel-like composite containing ionic liquids can allow

Li-ion batteries to display satisfactory performance from room temperature up to at

least 150 oC. The innovative character of this work arises mainly from the proposition

of using boron nitride as a semi-inactive thickening agent: as described here, in

addition to immobilizing the RTIL solution, the presence of h-BN altered the solvation

environment in the electrolyte, with positive consequences to the anodic stability.

Although this initial study led to striking observations regarding the possibility of

achieving fairly stable performances at extremely high temperatures, we recognize
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Figure 2.25 : Electrochemical characterization for the LMO-LTO full-cell: a) cyclic
voltammetry for the full-cell using conventional organic electrolytes and operated
at room temperature; b) cyclic voltammetry, c) charge - discharge profile, d) cyclic
stability at 120 oC using h-BN composite electrolyte.

that there are practical limitations with the technology in the form delineated above.

Gel-like electrolytes actually exist in the market; gelification in these systems,

however, is mostly achieved upon addition of the electrolyte to a solid separator,

already in the packaged cell [25]. The main hurdle with the h-BN composite is its

paste-like nature, limiting its compatibility with certain cell geometries. Although

we have dealt in our group with early pouch cell prototypes, cylindrical cells would

perhaps be more attractive for applications involving elevated temperatures (as wall

materials and sealing are more rugged), and the “free-flowing” nature of the composite

likely precludes its implementation in this format.

Borrowing from the commercial experimentation with gelified electrolytes, a pos-
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sible approach would be to develop thin polymeric layers containing a high weight

fraction of boron nitride, tuned to present an extremely high affinity towards certain

ionic liquids. These hybrid membranes would be processed just as regular separators

are in conventional cell formats, while RTIL-based solutions could be posthumously

incorporated to the cell. These ideas are currently being explored in our group for

a range of purposes, and a fair success has already been achieved in energy storage.

The work described in this section, nevertheless, is extremely significant to lay down

the landscape of Li-ion batteries beyond ambient conditions, and served as an initial

guidance to identify the core problems that are discussed through the remainder of

this chapter.

2.2.12 Outlook

The electrolyte composite based on hexagonal boron nitride and ionic liquid allowed

Li-ion battery operation with high efficiency over an unprecedented temperature

range, spanning at least from 24 oC to 150 oC. The presence of a ceramic component

in the electrolyte had little overall effect on the transport properties but produced

an increase on the electrolyte’s resistance to oxidation. The origin of this effect is

associated with alterations on the solvation of TFSI anions (the species in the system

that is most susceptible to oxidation), which we speculated to originate from spatial

constraints imposed by the presence of h-BN particles.

LTO half-cells employing the h-BN composite demonstrated remarkable cyclic

stability at 120 oC, both at high rates and under lower currents, enduring continu-

ous testing for over a month. In spite of the observation of a slow evolution on cell

impedance, and of an initial irreversibility during electrochemical testing, the cells

exhibited high coulombic efficiency during the tests at high temperature. Under the
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investigated conditions, time, rather than cycle number, seems to impose the ulti-

mate limit; this is not surprising, as LTO does not undergo volume variations during

lithium insertion/extraction, while we detected aging effects (both on the electrode

and the electrolyte) associated with long-term exposure to elevated temperatures.

This thermal aging of cell components was also invoked to justify the kinetic relax-

ation verified in tests at 150 oC. At this extremely high temperature, nevertheless,

cell capacity maintained stable for many cycles, with a coulombic efficiency of 97%.

The composite was also shown to be compatible towards the high potentials expe-

rienced by cathode materials, as demonstrated by the relative stability of LMO half-

and full-cells at 120 oC. Although several practical aspects should be addressed before

commercial Li-ion batteries are able to operate under these extreme conditions, this

work demonstrates that this endeavor, albeit ambitious, is far from being impossible.
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2.3 Construction of thermally-resilient solid electrolyte in-

terphases

Fragments of this section appeared originally in:

Rodrigues et al., High-Temperature Solid Electrolyte Interphases (SEI) in Graphite

Electrodes, Journal of Power Sources 381, 2018 (ref. [167]). Copyright Elsevier B.V.

Reproduced with permission.

2.3.1 Motivation

The Li-ion battery technology, used in applications ranging from medical devices to

electric vehicles, has its feasibility relying on an inventive approach. The ubiquitous

graphite anodes employed in these cells only become electrochemically active at the

vicinities of the standard reduction potential of lithium, beyond the thermodynamic

stability of typical electrolyte components. Certain ingredients of the electrolyte, how-

ever, fortuitously cast insoluble products over the electrode surface as they undergo

electrochemical reduction, acting as the building blocks of a protective layer. This

artificial construct, known as the solid electrolyte interphase (SEI), confers kinetic

stability to the graphite anode, by blocking electrolyte species from engaging in elec-

tron transfers with the anode. As a consequence, further electrolyte decomposition,

and significant damages to the host material, are prevented. Maintaining the surface

of the negative electrode properly passivated is thus essential to avoid capacity and

power fade in the battery [168]. Considerable manufacturing resources are justifiably

invested in promoting the deposition of a SEI with the desired properties, with the

“formation cycles” requiring a significant footprint of battery plants.

The solid electrolyte interphase is rather dynamic in nature, varying in composi-



75

tion and morphology with cell potential and cycling [169]. Environmental conditions

also play a vital role in dictating the structural evolution of the SEI. Cell exposure to

elevated temperatures, even intermittently, cause irreversible chemical conversions in

the passivation layer, with its organic components tending to transition into inorganic

materials [19]. Additional deposition might also be triggered by the enhanced diffu-

sivity of electrolyte species within the surface layer, leading to further film growth.

All these processes contribute to the consumption of the Li+ pool in the cell, and are

a major contributor to self-discharge mechanisms [170, 171].

Few reports in the literature investigate temperature’s impact on the formation

cycle, and both modeling and experiments indicate a tendency of higher temperatures

to promote the growth of thicker SEIs [172, 173, 174, 175]. In these cases, conversion

of organic components into inorganic matter also seems to occur along the formation

of the solid electrolyte interphase. As these processes release gases as by-products, the

final SEI may present a high density of defects, becoming less effective in avoiding

cointercalation of solvated Li+ into graphite. Overall, these studies suggest that

carrying the formation cycles at 40 oC and above is detrimental to the long-term

cycling properties of the cell [174, 175].

The versatility of room temperature ionic liquids (RTILs) has motivated their

investigation as electrolyte components in Li-ion batteries, with the purpose of en-

hancing cell safety and extending the temperature range of operation of these devices

[17, 110]. In spite of all these potentialities, adoption of temperature as a variable is

not prevalent in electrochemical studies with this class of electrolytes. Their ability

to passivate graphite at elevated temperatures remains unexplored, and the over-

all thermal stability of the SEI, in these cases, is unknown. In the present work,

we demonstrate that forming the SEI at 90 oC can enhance the slow-rate capacity
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achieved by Li/graphite half-cells containing RTIL-based electrolytes, and can also

reduce the self-discharge rate at elevated temperatures. The thermal resilience of the

SEI improved as a consequence of this formation protocol, as indicated by the absence

of electrochemical reconstruction of the passivation layer, and of irreversible capacity

losses of the cell, following exposure to high temperature. The reasoning for these ob-

servations is analyzed in light of the structure of the solid electrolyte interphase, the

electrochemical properties of the cells, and the cathodic stability of the ionic liquids.

2.3.2 Materials & methods

The electrolytes investigated here were solutions of lithium bis(trifluoromethane) sul-

fonimide (LiTFSI) in TFSI-based ionic liquids with the cations N-methyl-N-propyl

pyrrolidinium (PY13-TFSI, 0.4 mol kg −1), N-methyl-N-propyl piperidinium (PP13-

TFSI, 1.0 mol L−1), and 1-butyl-3-methyl imidazolium (IM14-TFSI, 1.0 mol L−1).

The LiTFSI salt was acquired from Sigma-Aldrich, and was used as received. The

ionic liquids were purchased from Iolitec, and were dried overnight at 90 oC in an

Argon-filled glove box before use.

The cathodic stability of the dry pure ionic liquids was assessed by linear sweep

voltammetry, at a scan rate of 10 mV s−1. A three-electrode setup was kept inside the

glovebox for the experiment, with a Pt wire as working electrode, and lithium metal

pieces acting as counter and reference electrodes. A volume of 2.0 mL of ionic liquid

was used, and fresh sample and electrodes were implemented for each measurement.

The temperature was controlled with a hot plate, and the system was stabilized for

2 hours prior testing. Results were presented normalizing the measured currents by

the electro-active surface area of the Pt electrodes.

The graphite electrodes were prepared by casting slurries with a coating machine
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(TQC) on a rough copper foil, using a notch bar with a 60 µm gap moving at 5 mm s−1.

After drying overnight at 80 oC under vacuum, the films were compressed to 80% of its

initial thickness using a Hot Rolling Press (MTI Corp.). The slurries were composed

of 90% graphite, 5% of conductive carbon black C-Nergy Super C65 (provided by

Imerys Graphite and Carbon) and 5% poly(vinylidene difluoride) binder (Sigma-

Aldrich), to a total solid weight of 1.0 g, and enough N-methylpyrrolidinone solvent

(Sigma-Aldrich) to achieve the correct consistency (typically 3.5-4.5 g, depending of

the graphite powder’s surface area). The graphite powders investigated were C-Nergy

SFG6 L (17 m2 g−1, 5.5-7.5 µm flake size, provided by Imerys Graphite and Carbon),

ultra-fine high-purity synthetic graphite UFG-5 (UFG, < 30 m2 g−1, 1.5-4.5 µm flake

size, provided by Showa Denko) and synthetic graphite (SG, < 4.2 m2 g−1, 23-119

µm flake size, MTI Corp.). The graphite used in the experiments was the SFG6 L,

unless otherwise stated.

Electrochemical testing was conducted using Li/graphite half-cells in a coin-cell

configuration, cycled between 0.02 V and 0.50 V. Quartz membranes (Whatman) were

used as separator, and the cells rested for at least 12 hours at room temperatures prior

to cycling. Cells initially underwent 3 cycles at C/20, either at 25 oC or 90 oC, to

form the SEI. For experiments at high temperature, the batteries were kept inside

an oven, and temperature-resistant cables were used for connection. Rate capability

tests were carried at room temperature after SEI formation being properly performed

at the indicated conditions. C-rates were calculated based on a theoretical capacity of

372 mAh g−1. Cyclic voltammetry (CV) was recorded at the indicated temperature

at the scan rate of 20 or 50 µV s−1, as indicated in the captions. Electrochemical

impedance spectra (EIS) were acquired from cells previously fully lithiated at C/20,

applying a 10 mV amplitude around the open-circuit potential (OCP) in the frequency
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range between 100 kHz and 50 mHz. Cycling tests were carried either in a LAND

CT2001A battery tester or a Arbin Instruments BT-2000 cycler, while CVs and EIS

were performed in a Autolab PGSTAT 302N.

Morphological characterization was assisted by scanning electron microscopy im-

ages, recorded on FEI Quanta 400 ESEM FEG at an accelerating voltage of 30 keV.

The details of chemical states of carbon, both before and after electrochemical cycling

at RT and HT, were monitored using X-ray photoelectron spectroscopy (XPS), mea-

sured with a PHI Quantera XPS spectrometer, which uses a focused monochromatic

Al Kα X-ray (1486.7 eV) source for excitation and a spherical section analyzer. Pass

energies for survey and high-resolution scans were 140 and 26 eV, respectively. Ar+

etching was done with 2 kV 3x3 energy, which corresponds to an etching rate of 20

nm min−1. For both SEM and XPS, samples were lightly washed with dimethyl car-

bonate after cell disassembly, to remove excess adsorbed electrolyte. The electrodes

were kept under argon atmosphere, being exposed to air only when being transferred

to the microscope/spectrometer.

2.3.3 Passivation and cointercalation

Early applications of RTILs in conjunction with graphite anodes were unsuccessful,

due to the impossibility of forming a stable SEI. In these cases, cycling was condi-

tioned to the presence of a film-forming additive, typically vinylene carbonate [176].

Evolution in the understanding of the electrochemistry of ionic liquids led to the

development of diverse RTIL/Li-salt compositions, mainly based on imide anions, ca-

pable of properly casting a protective layer onto graphite anodes [177, 16]. The known

thermal stability of SEIs derived from bis(trifluoromethane)sulfonimide (TFSI) [178],

and the availability of ionic liquids based on this anion guided the selection of RTILs
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investigated in the present work.

Figure 2.26 : Cathodic stability of pure ionic liquids at different temperatures: a)
N-methyl-N-propylpyrrolidinium bis(trifluoromethane)sulfonimide (PY13-TFSI); b)
N-methyl-N-propylpiperidinium bis(trifluoromethane)sulfonimide (PP13-TFSI); c) 1-
butyl-3-methylimidazolium bis(trifluoromethane)sulfonimide (IM14-TFSI). Measure-
ments were carried in a 3-electrode setup, with Pt as working electrode, and lithium
as both counter and reference electrodes. The legend applies to all panels.

As the formation of a solid electrolyte interphase is linked to reductive processes

occurring in the electrolyte, the influence of temperature to the cathodic stability

of different ionic liquids was analyzed. The linear sweep voltammetry experiments

in Figure 2.26 shows that temperature change did not have a uniform effect on the

samples investigated. For cathodically resilient RTILs, as the ones based on pyrro-

lidinium (Figure 2.26a) and piperidinium (Figure 2.26b) cations, the onset for de-

composition was shifted to lower potentials with temperature increase, although not

monotonically. Additionally, it is clear that the mechanism, or at least the yield of

the individual steps, also varies with temperature. For example, PY13-TFSI exhibit

a two-step decomposition behavior within the current range shown in Figure 1a. The

first step yielded ∼0.5 mA cm−2, which rose to ∼1.6 and ∼1.7 mA cm−2 at 55 and

85 oC, respectively, possibly due to the enhanced kinetics at higher temperatures.

For the pyrrolidinium and the piperidinium RTILs, reduction of TFSI is expected
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to occur before the decomposition of the cation [179], which may involve many suc-

cessive steps depending on the experimental conditions [180]. Temperature can then

be expected to induce changes to the extent to which different reduction products

are generated, thereby influencing the composition of the SEI. Meanwhile, cathodi-

cally fragile ionic liquids, as the ones based on imidazolium cations (Figure 2.26c),

exhibited a decrease in the onset potential for decomposition, which is primarily as-

sociated with electrochemical activity of the IM14 moieties [181]. Regardless of the

specific mechanism taking place, the shift in onset potentials and in the charge asso-

ciated with each step can be expected to alter the nature and thickness of the SEI

formed. As PY13-TFSI combines a relatively low viscosity with a reported capability

to passivate graphite anodes [177], it will be used in the present work for most of the

additional electrochemical tests. The remaining two ionic liquids will be revisited in

section 2.3.6.

For Li/graphite half-cells with a 0.4 mol kg−1 LiTFSI solution in PY13-TFSI as

electrolyte, three general behaviors were observed during the formation cycles, and the

respective charge/discharge profiles are depicted in Figure 2.27. At room temperature,

the vast majority (> 80%) of the over 20 cells investigated in this study did not display

the capability of properly passivating graphite (Figure 2.27a). Although it is possible

to observe the electrolyte decomposition at ∼0.7 V, passivation is not achieved, as

after the initial lithiation at ∼200 mV, cointercalation and reduction of RTIL moieties

take place, leading to the irregular profile observed in Figure 2.27a. Despite the

high capacity demonstrated in this step, the process is essentially irreversible, and

following cycles present only residual capacity arising from Li+ intercalation into

the remaining intact graphite platelets. These observations are analogous to the

classical examples of cointercalation of propylene carbonate in graphite anodes [182],
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and similar events have also been reported for other additive-free ionic liquids [176].

In few instances, however, the cathodic process at ∼0.7 V conferred passivation to

the electrode (Figure 2.27b), with stable performance being observed after the first

cycle, which presented typical coulombic efficiencies of ∼60%. All electrodes used in

this work were assumed to be identical, but local variations occasioned by inherent

distribution in the characteristics of the graphite powder employed may justify this

behavior. Any further characterization of cells using PY13-TFSI and with SEI formed

at room temperature was carried employing devices displaying the same behavior as

Figure 2.27b.

Figure 2.27 : Possible outcomes of the formation cycles of Li/graphite half-cells con-
taining electrolytes based on PY13-TFSI: a) extensive cointercalation during the first
lithiation at room temperature; b) effective SEI formation at room temperature; c)
effective SEI formation at 90 oC. Test temperature and event frequency are indicated
at the top right portion of the plots. The first two charge-discharge profiles are shown,
and the legend applies to all panels.

When the formation step was performed at 90 oC, proper passivation was achieved

in all experiments (Figure 2.27c), with the cathodic process at ∼0.9 V being associ-

ated with SEI formation. At this temperature, complete active material utilization

could be achieved, and the enhanced kinetics conferred low polarization to the charge

and discharge steps. The typical coulombic efficiency for the first cycle at 90 oC was
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45%, suggesting the existence of a thicker surface film. The occurrence of passivation

under these conditions can be a consequence of three major factors. First, the change

in decomposition profile of PY13-TFSI at higher temperatures (Figure 2.26a) can be

expected to alter the final structure of the solid electrolyte interphase. Additionally,

elevated temperatures may favor the transport of species other than Li+ through the

solid electrolyte interphase, requiring larger surface film thickness to mitigate elec-

trolyte reduction. An increased thickness is also expected to emerge from the more

disorganized deposition pattern arising from the natural acceleration of reaction rates

at 90 oC. Since SEI formation occurs at higher potentials than the cointercalation,

all these mechanisms would then contribute to electrode protection. An important

aspect of this temperature-induced passivation is the suggestion of a positive influence

of extreme environments on the deposition of surface films. Many works in the liter-

ature report the evolution of SEI under diverse environmental conditions, but never

presenting elevated temperatures as an asset for passivation. This mechanism could

even possibly foster ideal SEIs from electrolytes previously deemed incompatible with

graphite anodes.

Further insights about the SEI construction were achieved from cyclic voltamme-

try (CV) studies. The behavior of Li/graphite half-cells, both at 25 and 90 oC, is

shown in Figure 2.28. The enhanced reaction kinetics at high temperatures renders

the staging process fully resolved at 90 oC (Figure 2.28b). Successive voltammograms

at both temperatures (Figures 2.28a,b) exhibit great extent of overlap, indicating

high reversibility of the Li+ intercalation process. The cathodic decomposition of the

electrolyte to form SEI is much broader at room temperature (Figure 2.28a) than at

90 oC (Figure 2.28b), and initiates at lower potentials. In both cases, however, the

lack of reduction peaks from the second cycle onward indicate that decomposition of
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Figure 2.28 : Cyclic voltammetry studies at different temperatures of Li/graphite
half-cells containing 0.40 mol kg−1 LiTFSI in PY13-TFSI as electrolyte: a) 25 oC; b)
90 oC. The cathodic peak associated with SEI formation is very subtle at elevated
temperature, and the scan rate was 50 µV s−1 for all samples.

the electrolyte is mostly exhausted after the first cycle.

Figure 2.29 : Cyclic voltammetry studies at different temperatures of graphite half-
cells containing pure PY13-TFSI as electrolyte: a) 25 oC; b) 90 oC. The scan rate
was 50 µV s−1 for all samples.

Additional experiments also highlighted the importance of the lithium salt to the

construction of the SEI. When pure PY13-TFSI is used as electrolyte in Li/graphite

half-cells, a very distinct behavior is observed. At room temperature (Figure 2.29a), a

subtle reversible event is visible, with very high polarization. This behavior is similar
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to the ascribed to cointercalation of the pyrrolidinium cations in Figure 2.27a, and

is analogous to the events reported by Nháderná et al. for another pyrrolidinium-

based RTIL [183]. At 90 oC, nevertheless, intense cathodic events are visible in

the first two cycles, and essentially vanish thereafter (Figure 2.29b). This apparent

irreversibility may be an intrinsic feature of the cointercalation when occurring at

elevated temperatures, a display of passivation, or merely the exhaustion of reactive

ions in the electrolyte following extensive reduction. Interestingly, the inset shows

that from the 3rd cycle onwards, the characteristic staging behavior of Li+ interca-

lation/deintercalation in/from graphite is clearly observed, most certainly involving

ions detached from the lithium metal electrode [183]. Although a relative stability

was still achieved in this case, the presence of salt is clearly essential to guarantee

a prompt passivation of the electrode surface (see Figure 2.28). This observation is

supported by the recent work of Tułodziecki et al., in which it is proposed that Li+

catalyzes the decomposition of TFSI anions by altering the structure of the electrical

double layer at the electrode-electrolyte interface [184]. The role of the ionic liquid in

constructing the SEI, however, cannot be neglected. Modern understanding of SEI

chemistry indicates that the immediate solvation shell of Li+ has a major influence in

providing the primary building blocks to the passivation layer [185, 186]. Neverthe-

less, Xu has proposed that in dilute electrolytes, uncoordinated solvent species might

also engage in SEI formation, as the concentration of lithium ions at the interface is

lower [187]. Given the low transference number for Li+ (TLi+) in ionic liquids [17], it

is reasonable to assume that the same argument would extend to RTIL-based elec-

trolytes. Since TLi+ seems to be invariant with temperature (ref. [17] and section

2.2.4), the dissimilar passivation behavior at 25 oC and 90 oC might essentially arise

from alterations in the intrinsic reactivity of the ionic liquids, as shown in Figure
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2.26.

2.3.4 SEI Morphology and Structure

The effect of temperature on the morphology and composition of the solid electrolyte

interphase was also investigated. Typical scanning electron microscopy (SEM) im-

ages of the pristine electrode surface, and following the formation at room and high

temperatures (Figures 2.30 a, b and c, respectively) demonstrate the prominence of

features developed when the solid electrolyte interphase is cast at 90 oC. The observed

morphology is very similar to the reported by Park et al. [178] for the SEI formed

after cell aging at elevated temperatures, and by Komaba et al. [188] for graphite cells

cycled with LiClO4-based electrolytes. Considering Figure 2.30, it is possible to affirm

that formation at high temperatures leads to the deposition of thicker structures, and

to a larger extent of coverage of the graphite flakes.

Figure 2.30 : Scanning electron microscopy images of graphite electrodes with differ-
ent histories: a) fresh electrode; b) after formation at 25 oC; c) after formation at 90
oC. Deposition of a solid electrolyte interphase is visible in both systems, but orig-
inates markedly thicker films when performed at elevated temperatures. The scale
bar applies to all images.

Besides generating the observed alterations in surface morphology, changes in the

cathodic decomposition profile of the RTIL with temperature may create solid elec-
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trolyte interphases with unique compositions. The chemical backbone of the SEI

was probed using X-ray photoelectron spectroscopy (XPS, Figure 2.31), with Ar+

sputtering being utilized to etch successive layers of the surface, probing the internal

structure of the solid electrolyte interphase. In the SEIs constructed under both con-

ditions, presence of LiF was prevalent, as this compound is a common decomposition

product of TFSI anions [20]. Oxygenated compounds are also abundant in both sam-

ples. Lithium sulfite is expected to be formed from the reduction of TFSI [20], and

might partially account for the O 1s peak centered at ∼531.8 eV. Although there are

no obvious mechanisms able to predict the formation of Li2CO3 from the electrochem-

ical decay of ions present in our electrolyte, it may be formed as an artifact from Ar+

sputtering and from exposition to air during the transport to the sample chamber

[189]. The probable presence of lithium carbonate in the SEIs is indicated by the C 1s

peak at ∼290 eV, and this compound, along with LiOH, may be contributing to the

signal in binding energies where Li2SO3 is expected to be found. Spectra obtained af-

ter Ar+ sputtering indicated that Li2O is more prominent in the SEI formed at room

temperature, with its concentration growing at the inner fractions of the SEI. Despite

the apparent absence of major compositional differences between the two passivation

layers, it was interesting to note that both SEIs contained some amount of ions from

the RTIL within, in agreement with the findings of Sugimoto et al. [21]. The SEI

formed at higher temperatures, particularly, contains a considerable amount of TFSI

anions (∼688.4 eV), with concentrations being higher at the most external layers.

Curiously, the outer layers of the SEI formed at 25 oC contained higher amounts of

trapped PY13 cations (∼286.5 eV). These residual ionic liquid species might populate

a region accessible to the electrolyte similar to the porous layer described by Lu and

Harris [190], which is proposed to compose the exterior part of the solid electrolyte
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interphase.

Figure 2.31 : High-resolution X-ray photoelectron spectra of graphite electrode sur-
faces after formation at 25 oC and 90 oC: a) O 1s; b) Li 1s; c) C 1s; d) F 1s. Depth
profiling was achieved with Ar+ sputtering for the indicated times, while the dashed
black lines are guides to the eye for the typical binding energies of the described
compounds, as indicated in the literature [19, 20, 21, 22]. The legends apply to all
panels.

The electro-reduction of ionic liquids is a complex process, which may involve

many steps (as suggested by the multiple plateaus in the profiles exhibited in Figure

2.26). For RTILs containing TFSI and cathodically-stable cations (as pyrrolidinium),

direct reduction of the positive species has been proposed to be preceded by decompo-

sition of the anion [179, 180]; there is also evidence for the reduction of certain cations
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being only indirectly initiated, through proton extraction by radicals originated from

the reduction of the anion [191]. The main consequence of these propositions is that

passivation of graphite anodes relies mostly on the behavior of TFSI. The initial step

for the reduction of TFSI has been proposed by Shkrob et al. [192] to follow reaction

2.5, which justifies the presence of the LiF observed in the XPS experiments (Figure

2.31).

TFSI– + e– → F– + •CF2SO2NSO2CF3 (2.5)

Scission of the S-C bond results in the formation [192, 193] of radicals such as
−•SO2NSO2CF3, which can be further reduced at the electrode surface [193], accord-

ing to reaction 2.6:

−•SO2NSO2CF3 + e– → –NS2O4 + −CF3 (2.6)

Continuous cleavage of the TFSI skeleton proceeds [193], as exemplified by reac-

tion 2.7:

−SO2CF3 + e– → –SO2 + −CF3 (2.7)

The sulfur-containing anions formed in reactions 2.6 and 2.7 can originate sulfite-

and oxide-based deposits on the electrode [20], justifying the presence of Li2O and

Li2SO3 indicated by the XPS tests (Figure 2.31). Radicals formed during the one-

electron reduction of TFSI (e.g. •CF3) are also reactive enough to capture a proton

from PY13, triggering a cascade of cationic decomposition reactions which may also

contribute to the C 1s low-energy peaks. The Li2CO3 and LiOH signals observed in

XPS, nevertheless, are believed to originate from reactions with residual moisture in
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the electrolyte, or through the action of atmospheric CO2 and the Ar+ sputtering

[189].

The XPS tests indicate that temperature had a minor effect on the overall com-

position of the outer portions of the SEI. Additionally, voltammetric tests (Figure

2.26) suggest that higher temperatures increase the extent of the reactions (i.e. the

number of electrons exchanged, as indicated by the current), but does not seem to

significantly affect the reduction mechanism. Based on all these observations, we hy-

pothesize that elevated temperatures lead to the universal acceleration of all reductive

paths for PY13-TFSI, leading to the deposition of a larger quantity of material, but

with a very similar overall composition.

2.3.5 Effects on cycling performance

The SEI formation temperature was found to affect the rate capability of the half-

cells (Figure 2.32). Formation of the surface films at room temperature led to a slight

improvement in capacity retention at higher rates (C/10 and C/5, Figure 2.32a),

while operation at low power conditions noticeably displayed better performance when

formation was carried at 90 oC (Figure 2.32b). Impedance spectra for cells formed

under both conditions are presented in Figures 2.32c-d, exhibiting resistive features

with two different time constants. Although these arcs cannot be unambiguously

assigned in a 2-electrode configuration [194], we assumed that the high-frequency

semicircle, and thus R1, is associated with the lithium metal electrode, while responses

from graphite are combined in the mid-frequency element, implying that the arcs R2

in Figures 2.32c-d contain information about Li+ transport through the passivation

layer (RSEI) and charge-transfer resistance (RCT ). We also assumed that casting

the SEI at elevated temperatures incurred in slightly lower RSEI values, but a much
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higher RCT . As will be discussed shortly, the contradicting evolution of these two

components of the cell impedance, along with differences in electrolyte wetting and

Li+ transport properties, are useful to understand the dissimilar behavior of the rate

capability. But first, a brief and necessary digression to justify our interpretation of

the impedance phenomena.

Figure 2.32 : Electrochemical characterization at room temperature for Li/graphite
half-cells containing electrolytes based on PY13-TFSI: a) rate capability after forma-
tion at room temperature; b) rate capability after formation at 90 oC; c) impedance
spectrum after the test depicted in (a); d) impedance spectrum after the test depicted
in (b). Cells in which the formation is carried at 90 oC consistently presented higher
low-power capacities, but at the expense of performance retention at higher rates.
The inset in (c) exhibit the equivalent circuit used to fit the spectra, wherein Q is a
constant phase element, and ZW is a Warburg impedance.

The contribution of lithium metal to the impedance spectra of half-cells needs to
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be taken in consideration when data acquisition is carried in a 2-electrode configura-

tion. Figure 2.33 present impedance spectra obtained at different potentials during

the first lithiation of a fresh cell at 90 oC. The inset of Figure 2.33b indicate that

a high-frequency semicircle is already present at the cell in potentials far above the

cathodic event associated with graphite’s SEI formation. Given the known chemical

reactivity of lithium metal towards electrolytes [195], this arc is possibly related to the

development of a passivation film at open circuit potential. The overall impedance of

this event slightly decreases at lower potentials, leading us to believe that graphite’s

solid electrolyte interphase does not contribute to this arc. A mid-frequency semi-

circle is visible starting at 0.50 V (blue circles), right after the electrolyte reduction

peak, and is thus possibly related to graphite’s SEI. The evolution of its diameter

and shape with state-of-charge also indicates that it carries information about the

charge transfer process. Attempts to fit the full spectra with three semicircles, how-

ever, did not lead to accurate results, as multiple physically-consistent models could

be assigned to each dataset. The SEM images in Figure 2.30 showed that a thicker

SEI is obtained when the formation cycles are carried at 90 oC; Gilbert et al. [196]

have recently demonstrated that extensive SEI growth does not necessarily translate

into significant impedance rise in the graphite electrode. Additionally, previous work

on the effect of temperature on SEI construction [174, 175] have suggested that the

impedance associated with the SEI actually decreases following formation at higher

temperatures, as a result of a higher density of defects due to gas generation. Keeping

in mind the arguments above, R2 = RSEI + RCT , and assuming that R90oC
SEI . 25oC

SEI ,

Figure 2.32c-d suggest that the impedance rise in R2 comes mostly from the charge-

transfer component. Additionally, it is clear in the figures that the passivation layer

formed on lithium metal also becomes less resistive (R1 decreases) when formation
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occurs at 90 oC, possibly by similar mechanisms as assumed for RSEI . The impact

of this observation to cell performance is, however, unknown at this time. Although

all the rationale above is based on the available literature, a complete understanding

of the spectral changes would require 3-electrode studies, and may be the topic of

future work.

Figure 2.33 : Impedance spectra at different stages of the first lithiation of a graphite
half-cell at 90 oC: a) portion of a cyclic voltammogram, highlighting the corre-
spondence between the chosen potential values and electrochemical phenomena; b)
impedance spectra at the potentials indicated in (a). The inset shows the high-
frequency portion of the spectra.

Resuming the discussion on the contents of Figure 2.32, we have previously pro-

posed that charge transfer will often be the dominant factor limiting the rate perfor-

mance when ionic liquids are used as electrolytes [110] (the reader is also referred to

section 3.1 for details). The control exerted by charge transfer over cell performance

has also been determined for graphite anodes paired with a variety of organic elec-

trolytes [65]. Bearing these considerations in mind, the trends observed in Figures

2.32a-b can be rationalized, as the superior power capability exhibited after SEI for-

mation being carried at room temperature is a natural consequence of reduced RCT



93

values. The physicochemical mechanisms responsible for this enlargement in charge-

transfer resistance after formation at 90 oC are not clear. Judging by the modern

correlations of RCT with Li+ desolvation and the extensive electrolyte sacrifice dur-

ing SEI construction, it is reasonable to propose that soluble decomposition products

could alter the overall electrolyte composition, affecting the immediate solvation shell

of lithium ions. Another possibility is that alterations on the surface properties of

the electrode may be imparting changes to the desolvation dynamics.

It is rather surprising that cells with the thick SEI cast at 90 oC and displaying

larger RCT could consistently produce superior capacities at rates slower then C/10.

At slow rates, hence, performance may be dictated by factors other than charge

transfer. The apparent diffusion coefficient of Li+ within graphite was estimated

from the Warburg impedance for both systems, resulting in similar values of ∼1x10−11

cm2 s−1. Solid-state diffusion, then, cannot explain the observed behavior. The RSEI

value, and the resistance of the passivation layer on lithium metal (R1), however, were

lower when formation was performed at 90 oC, what can partially account for this

phenomenon. Although SEI thickness and resistance are usually associated, this may

not be correct when the formation cycles take place at elevated temperatures. Lee

et al. [174] and He et al. [175] discussed that lower RSEI values are a reflex of the

increased disorder of the solid electrolyte interphase, which facilitates the transport

of lithium ions. Fortunately, in the present work this benefit has not been found to

be accompanied by an increased vulnerability to cointercalation, contrarily to what

was noted in both reports. This distinction might be a natural consequence of the

use of different building blocks for the SEI.

A second factor that may elucidate the behavior of the low-power capacity is

wetting. As ionic liquids are more viscous than the organic solvents typically em-
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Figure 2.34 : Charge-discharge profiles highlighting the effect of thermal history on
cell capacity. Exposition of the cell to high temperatures improves electrolyte wetting
and cell capacity, but the final performance is still inferior to the achieved following
SEI formation at 90 oC. The cell aged at 90 oC for 48 hours later underwent formation
cycles at room temperature. Black and blue curves indicate the third cycle of the
formation step, while the red indicate the third cycle at C/20 and room temperature
after formation at 90 oC.

ployed in electrolytes, accessibility of the entire thickness of the electrode may not

be straightforward. In this scenario, the cell residence time at elevated temperatures

could momentarily increase the electrolyte’s fluidity, favoring electrode wetting. To

probe this contribution, fresh cells were aged for 48 hours at 90 oC before being

cooled down to room temperature for SEI formation. As evident in Figure 2.34, this

aging produced a moderate increase in the C/20 capacity, although not quite achiev-

ing the performance from the cells formed at 90 oC. Another indication that the

mere exposition of the cell to elevated temperatures had a role on the electrochemical

characteristics is that both the aged samples and the cells with SEI cast at 90 oC

consistently presented similar equivalent series resistance values (not shown here),

which were lower than for cells cycled after 12 hours resting at 25 oC. The integration

between electrode and electrolyte indeed benefitted from the temperature, but this
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fact alone cannot explain the behavior entirely.

A third hypothesis to rationalize the enhanced capacity even in the presence of a

thicker SEI relies on the outer composition of the surface film. While the passivation

layer formed at 90 oC is rich in TFSI anions trapped within, the external fraction

of the room-temperature SEI is particularly rich in PY13 cations. The presence

of other positive ions in the solid electrolyte interphase’s porous domains can be

expected to produce a local reduction in the transference number for Li+, reducing

the effectivity of the charge transport. It is interesting to note that, although the

delithiation profiles in Figure 2.34 all involve the same polarization, the overpotential

for lithiation is higher for the SEI produced at room temperature, and minimum when

the passivation occurs at 90 oC. This fact portrays well the phenomenon of low-power

capacity enhancement, which we believe is caused by a combination of reduced RSEI ,

improved wetting, and higher TLi+ within SEI’s outer layer.

2.3.6 Model generalization

The passivation behavior and overall performance of graphite anodes depend widely

both on electrolyte characteristics and on morphological traits of the active material.

To probe the universality of the capacity enhancement effect, other ionic liquids, as

well as different graphite powders paired with PY13-TFSI, were also investigated. For

electrodes constructed with a large flake, low surface area graphite (SG, Figure 2.35a),

cells using LiTFSI/PY13-TFSI at room temperature led to extensive cointercalation

in the first cycle, presenting only a low residual reversible capacity corresponding to

lithium chemistry. Formation at 90 oC, however, allowed capacities over 200 mAh g−1

to be obtained at C/20 at room temperature. This particular case presented an even

more extreme behavior if compared to the results discussed above: besides improving
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charge storage at slow rates, successful operation inevitably required SEI to be cast

at 90 oC. In the case of a graphite sample with smaller flake sizes, and likely a larger

surface area (UFG, Figure 2.35b), carrying the formation cycles at 90 oC enhanced

the C/20 capacity at room temperature by ∼20%. Although the effect was somewhat

timid in absolute terms in this case, it was still a significant improvement. Based

on all the observations collected in this work, it can be suggested that beyond a

certain threshold of exposed graphite surface, SEI forms at such extent at 90 oC as to

become more blocking, limiting the optimization of low-power capacity. Impedance

spectra obtained for the three graphite samples (not shown here) corroborates this

assumption.

Interesting observations can also be made when exploring other ionic liquids paired

with LiTFSI as electrolyte. Li/graphite half-cells containing PP13-TFSI exhibited be-

havior very similar to the reported above for the pyrrolidinium RTIL, with a roughly

two-fold capacity increase at C/20 and room temperature when SEI was formed at

90 oC (Figure 2.35c). The only system investigated in this work that presented the

opposite behavior was the electrolyte containing an imidazolium-based ionic liquid

(IM14-TFSI, Figure 2.35d). In this case, SEI formation at 25 oC guaranteed superior

performance, with capacities over three times higher than its elevated-temperature

counterpart. This behavior can be explained analyzing the cathodic stability of these

ionic liquids. Invoking the results displayed in Figure 2.26, although elevated tem-

peratures may affect the cathodic decomposition mechanisms of the other RTILs, an

overall decrease in electrochemical stability is the most evident effect for IM14-TFSI.

The SEM images in Figure 2.30 show that the SEI formed at 90 oC tends to be

thicker than when cast at more moderate conditions, what is expected to be even

more pronounced for IM14-TFSI, considering the relative decomposition ease of its
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Figure 2.35 : Manifestation of the low-power capacity enhancement in other systems:
a) SG graphite and PY14-TFSI; b) UFG graphite and PY13-TFSI; c) graphite and
PP13-TFSI; d) graphite and IM14-TFSI. The charge/discharge profiles in blue corre-
spond to the third cycle of the formation step, while the red curves indicate the third
cycle at C/20 and room temperature after formation at 90 oC. The legends apply to
all panels.

building blocks. The even thicker SEI hence mitigates any capacity-enhancing effect

that could occur in the system, in an extreme version of the phenomenon described

above for UFG graphite. Once more, impedance spectra, which were omitted in the

interest of length, may support this statement. The low-power capacity enhancement

effect hence seems to be constrained to ionic liquids with higher cathodic stability,

and to graphites with lower surface areas.
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2.3.7 Thermal resilience of the SEI

Carrying the formation of the solid electrolyte interphase at elevated temperature

had positive effects not only on the passivation and charge-storage properties. Self-

discharge studies were also performed, and demonstrated the superior capacity reten-

tion achieved with SEI construction at 90 oC (Figure 2.36). The formation occurred

during a full voltammetric cycle at 20 µV s−1 at the designated temperature, after

what both samples were lithiated at 25 oC using this same scan rate (solid black curve

in Figure 2.36). The fully-lithiated cells were then transferred to an oven equilibrated

at 90 oC, and were aged for 20 hours. For the device that underwent SEI formation

at 25 oC, residence at high temperature induced an OCP rise to ∼2.5 V, implying a

complete self-discharge. Further lithiation (blue curve) was accompanied by intensive

reconstruction of the solid electrolyte interphase, as indicated by the broad cathodic

event at higher voltages. During the subsequent Li+ extraction, the associated peaks

displayed lower currents, an evidence of the occurrence of irreversible capacity loss.

The delithiation voltammogram prior aging is also shown in dashed black lines for

comparison.

Stark differences were observed following SEI formation at 90 oC. After aging at

elevated temperature, the open circuit potential was still 0.21 V, and the voltam-

mogram in Figure 2.36b (red curve) indicated the existence of significant residual

capacity in the cell after self-discharge. Impressively, the following Li+ intercalation

cycle (blue curves) displayed no signs of additional cathodic deposition at the elec-

trode, showing a virtually perfect overlap with the lithiation executed prior to aging

(black curve). The reversibility of the system is also reflected in the anodic behavior,

as the ensuing delithiation could still generate high currents. Regardless of the exact

mechanisms involved in the distinct charge decay exhibited by the samples, it is clear
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Figure 2.36 : Thermal resilience of the solid electrolyte interphase and self-discharge:
a) after formation at 25 oC; b) after formation at 90 oC. The SEI formed at room
temperature is dissipated to a large extent after 20 hours at 90 oC, causing significant
irreversible capacity loss and raising the OCP to ∼2.5 V. The SEI formed at 90
oC, however, does not show signs of reconstruction, and allows the cell to retain a
significant fraction of the stored charge at high temperatures. The scan rate is 20 µV
s−1.

that the characteristics of the SEI are determinant to the thermal resilience of the

cell.

The self-discharge model for graphite developed by Yazami and Reynier [197]

assumes that the intercalated Li+ ions exhibit a tendency to diffuse to the edges

of the flakes and engage in complexation with electrolyte species, forming adsorbed

adducts. These complexes are meta-stable and, although they are created at the

expense of charge stored in the electrode, no permanent loss of Li+ occurs at this

stage. Thermal activation, however, may promote a full electron transfer, leading

to electrolyte reduction and the formation of new compounds, which may deposit at

the electrode surface as part of the SEI. This process would favor the insulation of

active material particles, contributing to permanent loss in electrode capacity. The

sample containing the solid electrolyte interphase formed at room temperature was
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clearly more susceptible to this latter behavior. The reasoning for this observation

may rely on the instability, or solubility, of some components of the original SEI,

not fully resolved by our XPS measurements. Additionally, the high diffusivity of

electrolyte species within the SEI at elevated temperatures may grant the RTIL ions

accessibility to the electrode surface during aging, favoring the occurrence of further

cathodic decomposition. Another possible explanation for the observations in Figure

2.36 is that the SEI formed at 90 oC still suffers damage to some extent upon further

exposition to high temperature, but much less than cells formed at 25 oC. In this

case, the consumption of intercalated lithium necessary to repair the SEI would be

minimized, reducing the self-discharge rate. Future experiments utilizing full-cells

will be particularly useful to enlighten to mechanisms behind this phenomenon. The

apparent absence of irreversible capacity loss or damage to the SEI when the passi-

vation was carried at 90 oC, nevertheless, is a striking result, and may contribute to

the development of systems with enhanced robustness to temperature variation.

2.3.8 Outlook

Contrarily to what has been suggested by other studies, the present work demon-

strated that elevated temperatures can actually have a positive impact on the forma-

tion cycle: seemingly incompatible electrode-electrolyte pairs could originate effec-

tively blocking SEIs when the passivation film was cast at 90 oC. The reasoning for

this behavior could be traced back to alterations in the decomposition profile of the

ionic liquids at different environments.

The enhanced diffusivity and kinetics at 90 oC favored the formation of a thicker

SEI, with a somewhat high quantity of TFSI anions trapped within its structure.

Passivation under elevated temperature also generated increased charge-transfer re-
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sistances, which limited the rate capability of the cells. However, charge storage below

C/10 was found to drastically improve in these samples. This low-power performance

enhancement was proposed to arise from a combination of a surprisingly low SEI

impedance, improved electrolyte wetting and higher transference numbers for Li+ in

the outer layers of the surface film. Solid electrolyte interphases formed at 90 oC were

also observed to be more thermally resilient, remaining nearly intact upon exposure

to elevated temperatures, and contributing to limit the extent of self-discharge.

The findings of this work could be particularly useful in applications involving

both intermittent exposition to extreme temperatures and operation under moderate

current requirements. An example that matches this description would be an auto-

clavable battery for medical devices, to which the sterilization process would have

limited impact on the future performance of the cell. Practical implementation of

the principles outlined here would nevertheless require optimization of the coulombic

efficiency during the formation cycle. Although we predict it could be modulated

by reducing the surface area of the active material, and the binder’s affinity for the

electrolyte, casting the passivation film at elevated temperatures will inevitably in-

volve more irreversible capacity than if performed at ambient conditions. It may seem

counterintuitive that inducing the electrolyte to decompose to a larger extent could

be beneficial for the state-of-health of the cell. Unconventional approaches may, nev-

ertheless, be required for the development of Li-ion batteries compatible with extreme

environments.
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2.4 Coulombic inefficiency of graphite anode at high temper-

ature

The content of this section is part of an ongoing investigation, and may be included

in a future publication; K. Kalaga and G. Babu have also contributed to this project.

2.4.1 Motivation

As discussed in the previous section, graphite anodes are particularly vulnerable to

elevated temperatures, as the enhanced diffusivity of electrolyte species through the

solid electrolyte interphase (SEI) produces continued electro-reduction at the elec-

trode surface, altering SEI morphology, thickness, composition and transport prop-

erties [26, 167, 19, 173]. We have recently shown that, when ionic liquids exhibiting

a certain threshold of cathodic stability are used in the electrolyte, forming the solid

electrolyte interphase in graphite anodes at 90 oC creates surface layers with extended

resilience to intermittent exposure to high temperatures (ref. [167] and section 2.3).

In fact, the stability gained in this process is so striking that the present work was

born of a natural extension of our previous ideas, and aims to explore the compounded

factors that contribute to the performance and stability of graphite under extreme

conditions.

Investigation of Li-ion full-cells would add many extra layers of complexity to the

investigation, as contributions from the cathode [198, 199] and from corrosion events

[200] mask the true contributions of graphite to performance decay. In the present

study, we utilize Li/graphite half-cells to gain insights on the intrinsic endurance

of this anode material to long-term cycling at elevated temperatures. With this

configuration, the presence of an “infinite” pool of lithium ions minimizes capacity
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fade, artificially extending the cycle life of sub-optimal systems, allowing inferences

regarding structural aging of the electrode to be made. The coulombic efficiency of the

cells is used as a proxy for the extent of side reactions and for the damages imposed

on the solid electrolyte interphase. Utilizing these tools, we show that performance

degradation on graphite anodes can be traced to particular modes of SEI evolution

that affect the electronic connectivity within the electrode, preventing entire domains

of active material particles to engage in charge transfer. We demonstrate that these

deleterious phenomena can be bypassed by the inclusion of appropriate sacrificial

agents in the electrolyte formulation, and that understanding the electro-reduction

mechanisms of salts and solvents can be essential to extend the temperature range of

graphite anodes.

2.4.2 Materials & methods

The electrolyte utilized in the Li/graphite half-cells was mostly a 0.4 mol kg−1 solution

of lithium bis(trifluoromethane) sulfonimide (LiTFSI, Sigma-Aldrich) in the ionic liq-

uid N-methyl-N-propyl pyrrolidinium bis(trifluoromethane) sulfonimide (PY13-TFSI,

Iolitec). A few experiments used the same ionic liquid in conjunction with the salt

lithium bis(fluorosulfonyl)imide (LiFSI, Oakwood Products, Inc.), and these cases are

explicitly acknowledged throughout the manuscript. The salts were used as received,

but the ionic liquid was dried overnight at 90 oC inside an Argon-filled glovebox be-

fore mixing. The electrodes were prepared as described in ref. [167], possessing 90%

C-Nergy SFG6 L graphite, 5% C-Nergy Super C65 (both supplied by Imerys Graphite

and Carbon) and 5% poly(vinylidene difluoride) binder (Sigma-Aldrich). Electrode

discs with 14 mm in diameter were punched from the laminates, and half-cells were

assembled in CR2032 cases (Hohsen Corp.) using quartz microfiber separators (What-
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man) and excess electrolyte. Nickel tabs were finally welded to the cases to ensure

proper contact, with external connection achieved using temperature-resistant cables.

Cells were stored in forced convection ovens, and were equilibrated at 90 oC for at

least 4 hours before any current was applied.

Galvanostatic charge - discharge tests were performed using a BT-2000 cycler

(Arbin Instruments). The formation cycles consisted in two lithiation - delithia-

tion steps carried at C/20 and 90 oC, and are in most part omitted throughout the

manuscript (details were already discussed in ref. [167]; the typical coulombic effi-

ciency for the first cycle was ∼45%). Long cycling was performed at C/5, and the

reported coulombic efficiencies (hereafter also referred to as “efficiency”, for short)

were calculated as the delithiation/lithiation capacity quotient within a same cycle.

For the purpose of making efficiencies directly comparable among all the tests re-

ported here, the effective capacity used in the calculations was assumed to be equal

to the charge stored between 300-20 mV (lithiation) and 40-450 mV (delithiation).

Additionally, to reduce errors associated with the determination of the efficiency [201],

the charge involved in each step was calculated from interpolation of three measured

potential vs. charge data points, as the endpoint for both lithiation and delithiation

were taken as to exhibit high linearity. C-rates were calculated based on the theo-

retical capacity of graphite (1C = 372 mA g−1), using only the graphite loading to

compute the amount of active material in the electrode. For certain experiments, the

ohmic loss was estimated from the voltage value (at t = 5.0 s) during delithiation, and

used as a metric of cell’s impedance; its evolution over cycling is presented corrected

by the initial value (iRdrop,[cycle n] = 100× (voltage[cycle n] − voltage[cycle 1])

voltage[cycle 1]
).
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2.4.3 Li/graphite half-cells using 0.4 mol kg−1 LiTFSI/PY13-TFSI as elec-

trolyte

The cyclic stability of Li/graphite half-cells at C/5 and 90 oC is displayed in Fig-

ure 2.37a. Minimal capacity fade is observed (< 2.5% after 78 cycles), indicating a

near-absence of damages to the anode’s structure during extended cycling at elevated

temperature. This statement is supported by inspection of the charge discharge pro-

files (Figure 2.37b), which shows that the characteristic staging process [167, 196] of

graphite’s lithiation/delithiation is preserved. Additionally, persistence of the char-

acteristic plateau voltages over cycling suggests minimal structural aging [202]. As

the cycling tests were carried in a half-cell configuration, the presence of an “infinite”

pool of Li+ in the system precludes the direct manifestation of capacity fade from

Li-consuming processes. Evaluation of the coulombic efficiency, however, provides in-

formation on such electrochemical events; as exhibited in Figure 2.37c, the efficiency

increases continually during the initial cycles, saturating at ∼98.5% after 30 cycles.

Given the extreme temperature in which the tests were carried, cell stability is

remarkable. Our previous study (ref. [167] and section 2.3) established that, for

certain graphite/electrolyte pairs (as the ones discussed in this work), carrying SEI

formation at elevated temperature increases the thermal resilience of the resulting

film, minimizing the damages imposed by intermittent temperature exposure to an-

ode passivation; achieving an efficiency of 98.5% over long term cycling at 90 oC

corroborates this proposition. The complete absence of sudden cell failure and of

significant alteration of the charge/discharge profiles is an indication of the SEI’s

effectivity, as it provides enduring protection against cointercalation of RTIL moi-

eties into graphite [167]. With practicality in perspective, nevertheless, the 1.5% of

coulombic inefficiency is significant, and suggestive of the occurrence of a constant
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Figure 2.37 : Electrochemistry of Li/graphite half-cells using LiTFSI/PY13-TFSI as
electrolyte: cyclic stability (a), charge - discharge profiles (b) and coulombic efficiency
(c) of cell tested at C/5 and 90 oC; d) cyclic stability of cell tested at C/5 and 120
oC (efficiency shown as inset).

evolution of the solid electrolyte interphase. Figure 2.37b shows that, until cycle

30, the continuous increase in efficiency arises from a decreasing lithiation capacity

(delithiation is virtually invariant up to this point), which seems to stabilize when

the maximum value of 98.5% is achieved. The lack of a well-defined plateau relating

to the additional reductive processes that are believed to cause the inefficiency may

indicate that these events occur concurrently with Li+ intercalation.

Replicating the tests at 120 oC does not induce alterations to the qualitative

behavior of the system (Figure 2.37d): the delithiation capacity remains very stable

at ∼350 mAh g−1, and the coulombic efficiency exhibits a constant rise during the
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initial cycles. Nevertheless, the higher temperature translates into an accelerated

rate of side-reactions and performance-degrading processes, limiting the efficiency

to a maximum value of ∼93%. Surprisingly, however, even under these conditions

catastrophic cointercalation of RTIL species is completely prevented.

2.4.4 Graphite anodes without conductive filler

The conductive carbon fillers added to the electrode typically possess very high sur-

face areas [203] and represent a sizeable portion of the overall reactive area of the

anode, in spite of their limited gravimetric content. As a consequence, Song et al.

[160] have demonstrated that, even in “high-voltage” Li4Ti5O12 anodes, the presence

of carbon nanoparticles can accelerate electrolyte decomposition at elevated temper-

ature, significantly affecting cycle life and coulombic efficiency. In our experiments,

however, omitting carbon black from the electrode formulation (resulting in a com-

position of 95 wt% graphite and 5 wt% binder) was found to be detrimental to cell

performance at 90 oC, as both the overall capacity (Figure 2.38a) and the maximum

efficiency (Figure 2.38b) suffered from the lack of a conducting additive. Although

minimizing the total charge-transfer area at the anode has undeniable benefits in

mitigating side-reactions, these results highlight an important observation: under

conditions in which reactivity with the electrolyte is not satisfactorily circumvented,

maintaining the conductive network of the electrode is essential to prolong cycle life.

As will be discussed later, the continuous SEI repair (with certain electrolytes) causes

impedance rise due to the electronic isolation of anode domains, which can result in

capacity fade at moderate rates [202]. As the conductive fillers are efficient in pro-

moting connectivity within the anode, the magnitude of capacity fade in Figure 2.37a

is much smaller.
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Figure 2.38 : Li/graphite half-cell using conductive-additive-free electrodes: a) cyclic
stability; b) coulombic efficiency. The efficiency of the baseline sample (Fig. 2.37c)
is displayed as the orange line, for reference. Test carried at C/5 and 90 oC.

2.4.5 Capacity-limited cycling

The cycling conditions illustrated in Figure 2.37b represent a “deep-lithiation”, in

which the end potential is low enough to ideally access all the capacity available in

the electrode. Assuming that reductive processes are responsible for the coulombic

inefficiency discussed above, imposing lower voltages (vs Li/Li+) to the anode can be

expected to be favorable to these electrolyte-decay mechanisms. This is particularly

important to be considered for the ionic liquid used in this work, as the pyrrolidinium

cation may become susceptible to electro-reduction at these low voltages [180]. To

probe the contribution of cell residence at highly reducing potentials to the coulombic

efficiency, the lithiation step was capacity-limited to 250 mAh g−1 (Figure 2.39a),

constraining the charge end-point and accessing only a fraction of the capacity of

graphite’s final plateau at ∼75 mV (vs the 20 mV lower cutoff voltage used before;

the formation cycles, however, were still executed using 20 mV as a lower boundary, for

consistency). Under these test conditions, cell capacity is very stable (Figure 2.39b),

and the initial efficiency is ∼99% (Figure 2.39c). Inspecting Figure 2.39a, it can
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be seen that no visible alterations occur on the charge/discharge profiles during the

initial 60 cycles. At cycle 100, however, the capacity associated with each lithiation

plateau exhibited a slight decrease; this is particularly visible in the ∼92 mV plateau,

and also manifest at lower voltages as an early polarization of the cell.

Figure 2.39 : Capacity-limited cycling of Li/graphite half-cell at C/5 and 90 oC: a)
charge - discharge profiles of selected cycles; b) cyclic stability; c) coulombic efficiency.
The efficiency of the baseline sample (Fig. 2.37c) is displayed as the orange line, for
reference. Although capacity is apparently stable, performance decay after extended
cycling can be inferred from the profiles and the growing inefficiency.

Although a direct comparison between the efficiencies associated with this test and

with the cell cycling at the full range is not exact (as the voltage ranges considered

for the calculation are not the same), the analysis of their qualitative behavior is

instructive; the fact that the efficiencies in Figure 2.39c exhibit a slight decrease with

cycling indicates that a lower cutoff voltage for the lithiation cannot be blamed for

the charge irreversibility. As a consequence, cell efficiency cannot be regulated by

adjusting the cutoff voltages.

2.4.6 Coulombic inefficiency during extended exposure to 90 oC

The testing rate can be expected to have a significant impact on the cycling in-

efficiency of Li-ion cells, as the yield (per cycle) of side-reactions is maximized at
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low current densities [204]. In our previous work, we have shown that Li/Li4Ti5O12

half-cells operating at 120 oC are highly efficient when tested at ∼C/2 rate, but the

inefficiency increases by 3% when cells are cycled at C/8 [17]. Given the diversity of

performance-decay mechanisms that can be enhanced at elevated temperatures [27],

one can expect the exposure time, rather than solely voltage change, to play a role

on dictating cell performance under extreme conditions; an example of this effect

is the enhanced self-discharge experienced by Li-ion batteries at high temperatures

[17, 170]. The effect of time on cycling efficiency was evaluated by introducing a 10-

hour rest period between successive C/5 cycles, so as to double the effective amount

of time associated with each full cycle; we opted for implementing the rest step when

the graphite anode was delithiated, to avoid interference of self-discharge on the com-

putation of coulombic efficiencies. Cyclic stability of the cell under these conditions

is shown in Figure 2.40a, and a significant capacity fade, as well as a greater divide

between the lithiation and delithiation capacities, can be observed. Efficiencies oscil-

lated during the test, but averaged ∼96.3% (Figure 2.40b), hence being lower than

in the absence of the dwelling period.

In the absence of side-reactions, the cell potential decay under open-circuit condi-

tions should be exponential, dictated by the discharge of the electrical double layer at

the electrode surface [205]. Figure 2.40c, nevertheless, shows that this behavior is not

verified in the test. Although the initial period of rest exhibits the expected decaying

profile, the potential bounced back ∼1.5 hours after the first cycle, showing a slight

increase thereafter. During the following rest periods, the potential always exhibited

a steady increase, although with varying rates. It is interesting to note that the dip

in efficiency in Figure 2.40b is accompanied by a more severe voltage increase dur-

ing rest, which is alleviated in the following cycles. This inverted voltage behavior is
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Figure 2.40 : Evaluating the effect of time on the performance of Li/graphite half-cell:
a) cyclic stability; b) coulombic efficiency; c) voltage profiles during the 10 hours of
rest after a full cycle (a zoomed in portion is displayed in (d). The efficiency of the
baseline sample (Fig. 2.37c) is displayed as the orange line in (c), for reference. Cell
tested at C/5 and 90 oC.

maintained even after 55 cycles, as can be seen in the zoomed in portion of the graph,

portrayed in Figure 2.40d. Upward voltage drifts in Li/graphite half-cells have been

previously attributed to self-discharge processes, in which residual Li+ intercalated

into the anode are sacrificed to provide electrons to SEI reconstruction [167]. The

results in Figure 2.40 portrays the existence of a strong time-dependency on the sta-

bility of the solid electrolyte interphase, as this “forced” lithium extraction becomes

more significant over many hours of rest time at 90 oC. Moreover, the efficiency dip

(and the associated rapid voltage increase) suggest that the damages suffered by the

SEI are highly heterogeneous (and possibly also stochastic, to some extent).
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2.4.7 LiFSI as a lithium salt

As the SEI is cast from the reductive decomposition of ingredients available in the

electrolyte, the nature of these building blocks can be expected to determine the

properties of the resulting interphase. The salt LiFSI has been explored as a film-

forming agent for graphite anodes, as its relatively high reducing potential assists in

minimizing solvent co-intercalation [206]. To verify the influence of an alternative

SEI chemistry to the high-temperature inefficiency of Li/graphite half-cells, a 0.4 mol

kg−1 solution of LiFSI in PY13-TFSI was employed as electrolyte.

The cyclic stability of a representative cell tested at C/5 and 90 oC is exhibited

in Figure 2.41a. Cell delithiation capacity is notably stable over the course of the

entire test, in slight contrast to what is observed when LiTFSI is used as electrolyte

salt (Figure 2.37a). Capacity values, however, seem to be independent of the salt

of choice, as expected from the accelerated reaction kinetics at elevated temperature

[17, 110]. The coulombic efficiency achieved by the cell also showed little dependence

on salt identity, as the values observed with LiFSI or LiTFSI are remarkably close

(Figure 2.41b). The absence of capacity fade in this case, nevertheless, suggests that

the consequences of the persistent reductive processes occurring in LiFSI systems may

be less detrimental to cell performance. This idea will be revisited and expanded later

in this manuscript.

At a LiFSI concentration of 0.4 mol kg−1 in the ionic liquid PY13-TFSI, FSI an-

ions exist in the solution at concentrations ∼5x smaller than TFSI’s. In spite of this

gap on the spatial availability of the anions in the electrolyte, the higher reduction

potential of FSI (onset at ∼1.9 V, versus ∼0.9 V for TFSI, during the first formation

cycle in the respective half-cells) would imply in a more significant contribution of

this anion to the composition of the core of the resulting SEI. The logical picture aris-
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Figure 2.41 : Electrochemistry of Li/graphite half-cells using LiFSI as a salt in com-
bination with PY13-TFSI: a) cyclic stability; b) coulombic efficiency. The efficiency
of the baseline sample (Fig. 2.37c) is displayed as the orange line, for reference. Test
carried at C/5 and 90 oC. Although no improvement in efficiency is verified after
replacing the lithium salt, capacity fade was successfully mitigated.

ing from this assumption is a solid electrolyte interphase constituted by FSI-derived

products, surrounded by a shell originated from the posthumous electro-reduction of

TFSI (and possibly of the pyrrolidinium cations). After the formation cycles, both

anions are meta-stable at the lithiation - delithiation potentials of graphite, but the

larger availability can be expected to shift the selectivity of SEI incorporation towards

TFSI (in spite of the higher overpotential for FSI reduction); additionally, Li+ ap-

pears to be preferentially solvated by TFSI when both these imide anions are present

[207], facilitating its participation on SEI evolution during cycling. As FSI tends

to form an already highly mineralized SEI [191], reactivity during cycling may arise

from the external TFSI layers, what may explain the similar coulombic efficiencies

demonstrated in Figure 2.41b.
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2.4.8 LiFSI and the importance of the formation protocol

Given the apparent benefits offered by FSI to the capacity retention of Li/graphite

half-cells at 90 oC, maximizing the contribution of this anion to the construction of

the nascent SEI may result in performance improvement. To evaluate this conjecture,

the first formation cycle for LiFSI-containing cells was modified, including a 10-hour

potentiostatic hold at 70 mV immediately after the first complete lithiation of graphite

at C/20 (Figure 2.42a). The objective of applying this static voltage is to maximize

the extent of FSI reduction, exploring the fact that, as the consumption of lithium ions

from the double layer is ceased after complete lithiation (and the diffusion of Li+ in the

electrolyte, carrying their TFSI-rich solvation sheath, diminishes), there is a higher

likelihood for FSI to engage in additional reductive processes; with this protocol,

all possible electro-reduction events, involving both TFSI and FSI, are expected to

take place during the hold. The current observed during this potentiostatic step is

a measure of the reactions occurring in the cell [200, 208], and was on average ∼1

µA (or 0.16 µA cm−2, considering the cross-section of the graphite electrode), which

corresponds to C/360.

During the C/5 cycling following this new formation protocol, cells also exhibited

very stable capacities, with no signs of fade (Figure 2.42b). However, there is an

important distinction between these systems and the ones exhibited in Figure 2.41:

implementing the voltage hold during formation has favorable consequences to the

coulombic efficiency. Figure 2.42c shows that, after a short initial incubation period,

the efficiency stabilizes at ∼99.4%, an impressive number for graphite cells at an

elevated temperature.
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Figure 2.42 : Benefits of a formation protocol to the performance of LiFSI-containing
Li/graphite half-cells: a) representation of the first formation cycle (C/20, 90 oC),
showing the added 10-hour long potentiostatic hold step after full lithiation. The
current applied to (and experienced by) the cell is overlaid to the graph; b) cyclic
stability at C/5 and 90 oC; c) coulombic efficiency. The efficiency of the baseline
sample (Fig. 2.37c) is displayed as the orange line, for reference. Maximizing FSI’s
contribution to the SEI minimizes cycling inefficiency.

2.4.9 Final insights

The coulombic efficiency of Li/graphite half-cells represent the added contributions

of reductive processes occurring at both electrodes. Although lithium metal is known

to possess marked reversibility issues [209, 210], RTIL-based electrolytes appear to be

effective in producing enduring solid electrolyte interphases, decreasing cycling ineffi-

ciency [195]. Fortunately, in the systems explored in the present work, benefits to Li

passivation can also be assumed to be accompanied by improvements in the resilience

of graphite’s SEI at elevated temperatures. Both FSI and TFSI have been associ-

ated with uniform lithium deposition in Li-metal batteries [195, 211, 212]; however,

the former anion is unique in its likely electro-reduction pathways, as it decomposes

without the release of gaseous species [191]. The significance of this observation is

that decomposition of FSI (both on lithium metal and lithiated graphite) would not

impose additional damage to the evolving surface film through the detachment of gas

molecules.
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Revisiting the proposition from section 2.4.7, according to which graphite’s SEI

would present a FSI-derived core, the absence of gas release during the initial steps of

electrolyte reduction would imply in a less defective surface layer. As a consequence,

the active material particles can be expected to be more efficiently protected by a

compact, highly mineralized SEI. When TFSI is the sole anion present in the elec-

trolyte, this beneficial activity offered by FSI is lost, and the reductive processes at

any point during cell cycling would impose additional damages to the SEI. According

to this scenario, electrolyte consumption for SEI repair can be thought as occurring

until regions very close to the graphite particles (as holes created by the evading gas

permits electrolyte penetration), eventually encasing entire grains and partially dis-

rupting the electron-conducting network of the electrode. In this extreme case, the

isolated particles can no longer contribute to Li-ion chemistry, producing capacity

loss. Within this framework, and considering the results presented above, a simple

model emerges: inefficiency arises from continuous electrolyte reduction, but capacity

fade occurs only when SEI reconstruction involves the loss of electronic conductivity.

Particle isolation can be experimentally inferred from cell resistance; considering

the ohmic drop during cycling to be a reasonable indicator of cell impedance [196],

Figure 2.43 is enlightening. The relative increase in ohmic loss (refer to section 2.4.2

for calculation details) in TFSI-only systems is exemplified by Figure 2.43a. Con-

tinuously cycling of Li/graphite half-cells at 90 oC and C/5 produces an undeniable

increase in the voltage drop over time, which agrees with the observation of a slow

fade in cell capacity (Figures 2.37a and 2.39a). Contrarily, FSI-based systems do

not exhibit this resistance rise (Figure 2.43b). These latter results also support the

idea of FSI constituting the core of the solid electrolyte interphase, as even when

inefficiencies identical to TFSI cells are observed (i.e. in the absence of voltage hold,
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Figure 2.41b), resistance is invariant (red curve in Figure 2.43b).

Figure 2.43 : A metric of the internal resistance evolution in different systems: a)
ohmic drop for the baseline cell (Fig. 2.37) and the cell exposed to rest periods (Fig.
2.40); b) comparison of the ohmic drops between the baseline, and the FSI-containing
systems, both with (green symbol, Fig. 2.42) or without (red symbol, Fig. 2.41) a
hold step added to the formation cycle.

2.4.10 Outlook

The use of LiTFSI/PY13-TFSI as electrolyte enabled Li/graphite half-cells to operate

with high stability at elevated temperatures. Although this electrolyte originates a

solid electrolyte interphase that effectively prevented the occurrence of catastrophic

RTIL co-intercalation at temperatures as high as 120 oC, cycling under these condi-

tions was too inefficient (∼7%) to be considered practical. Limiting the temperature

to 90 oC led to a significant improvement in coulombic efficiency (∼98.5%) but did

not completely circumvent the occurrence of continuous electrolyte reduction over

extended cycling.

A series of experiments allowed us to partially dissociate inefficiency from capac-

ity fade in these half-cell tests: while irreversibility arose from any side-reactions

occurring in the cell, capacity fade seemed to be correlated with particular modes of
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SEI evolution that involved an increase in cell resistance. When LiFSI was used as a

salt, no capacity fade was observed, and stable efficiencies as high as 99.4% could be

achieved, likely a record for the system and experimental conditions used in our in-

vestigation. We hypothesize that the absence of gaseous products being released from

the reduction of FSI produced more pristine solid electrolyte interphases, constrain-

ing electrolyte accessibility to the outer layers of the SEI, and avoiding electronic

isolation of graphite particles during reconstruction of the passivation layer.

In spite of this exciting protective activity offered by FSI, it is uncertain how these

benefits would persist at even higher temperatures, as thermal reactivity of FSI-based

ionic liquids towards certain charged electrodes is a concern [15]. Future studies need

to address the effects of time and temperature on FSI-only cells, and also ally the

benefits of these anions with other film-forming additives, with the aim of rendering

graphite anodes practical for deployment at elevated temperatures, and more resilient

to thermal abuse.
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2.5 Collective contribution to the understanding of Li-ion

batteries at elevated temperatures

Certain results displayed in this section appear in:

Ababtain et al., Ionic Liquid−Organic Carbonate Electrolyte Blends To Stabilize

Silicon Electrodes for Extending Lithium Ion Battery Operability to 100 oC, ACS

Applied Materials & Interfaces 8 2016 (ref. [68]).

Others are present in:

Sayed et al., Curious Case of Positive Current Collectors: Corrosion and Passiva-

tion at High Temperature, ACS Applied Materials & Interfaces 9 2017 (ref. [200]).

Copyright American Chemical Society; both are reproduced with permission.

Other results are part of ongoing investigations, and may be included in future

publications. K. Kalaga, F. Sayed, G. Babu and H. Gullapalli have also contributed

to the unpublished work discussed here.

In an age witnessing the massive electrification of vehicles and the ubiquity of

personal electronic devices, our ambition of creating Li-ion batteries capable of sus-

taining extremely high temperatures may appear rather unconventional. As justified

in section 2.1.1, nevertheless, many devices beyond consumer electronics and multiple

high-stakes industrial operations involve exposure to elevated temperatures at some

capacity, often to conditions that no available battery technology can endure. Our

research interests were particularly triggered by the establishment of the Advanced

Energy Consortium (AEC), an ensemble of major players of the oil & gas sector
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interested in funding basic research to address some of their common technical prob-

lems; as of March 2017, AEC members include BHP, ExxonMobil, US Department

of Energy (represented by Sandia National Laboratory), Repsol, and Total, while

companies such as Shell, Statoil, Schlumberger and Petrobras have also contributed

to this effort in a recent past.

Within the context of a major project that has been funded by AEC in the past

six years, our research group accepted the challenge of developing devices capable of

reliably powering multiple sensors in the downhole environment, which often experi-

ence temperatures above 100 oC, while also being operational at ambient conditions.

Our initial contribution was the development of a clay-based quasi-solid electrolyte,

which enabled supercapacitors to remain operational from room temperature to 200
oC [135]; this concept was later shown to be also compatible with Li-ion batteries

[64]. The work discussed in section 2.2 emerged as a natural evolution of these ideas.

The materials and techniques developed in Prof. Ajayan’s laboratory at Rice Univer-

sity, coupled with invaluable fabrication insights from Prof. Arava’s group at Wayne

State University, resulted in the construction of the prototypes exemplified by Figure

2.44, which outperform available technologies in resilience, energy density and power

capability at high temperatures. In addition to the work detailed throughout the

present chapter, this achievement largely benefitted from research carried by several

other scientists; the author of this thesis contributed to some of these projects, and

they are briefly summarized here.

A common thread of the works in described in this chapter is that solving perfor-

mance problems at elevated temperatures incurred in tradeoffs at ambient conditions.

As a consequence, one of our interests was to explore the modification of electrolytes

with the intent of improving the power output at milder environments without sig-
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Figure 2.44 : Photograph of a Li-ion battery prototype with extended thermal re-
silience. Courtesy of Prof. Leela Arava (Wayne State University).

nificantly affecting the thermal stability of the cell; the investigation of alkoxylated

phosphonium-based RTILs (to be discussed in section 3.1) was born out of this need.

Recognizing that many ionic liquids displaying desirable properties at elevated tem-

peratures are typically not ideal for electrochemistry at ambient conditions, we also

investigated different RTIL-solvent blends.

The appeal from adding O-bearing molecular solvents to ionic liquids is that they

can impart deep alterations to the electrolyte even at low concentrations. Part of this

effect is due to oxygen’s basicity in comparison with the N or S centers prevalent in

many RTILs useful for energy storage. As a consequence, solvent molecules tend to

displace RTIL anions from the immediate solvation sheath of Li+ [213], and have a

direct involvement in the cell chemistry. Addition of 20 vol% of propylene carbonate

(PC) to PP13-TFSI (forming a solution also containing 0.8 M LiTFSI) increased

the ionic conductivity at 25 oC by one order of magnitude, and the transference

number for lithium ions by ∼7 times. Propylene carbonate is an organic solvent of
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rare virtues, as it presents a rather elevated dielectric constant [214]. In spite of the

excellent compatibility observed with ionic liquids, the reductive decomposition of PC

fails to cast a protective SEI, rendering this solvent improper for use with many anode

materials of interest [25]. Section 2.3, however, teaches that PP13-TFSI is capable of

passivating graphite, and even more so at elevated temperatures, indicating that the

mixture can potentially be combined with low-voltage anodes.

The PP13-TFSI/PC hybrid electrolyte was tested with micro-structured silicon

anodes (Figure 2.45a), in a half-cell configuration. The open morphology conferred di-

mensional stability to the electrode, as it allows silicon to expand and contract freely

as it reacts with Li+ [215]. The use of PP13-TFSI/LiTFSI as electrolyte enabled

the cell to cycle at 100 oC but resulted in negligible storage capability at room tem-

perature (Figure 2.45b). The hybrid electrolyte (containing PC) exhibited improved

performance at all temperatures, with a remarkable effect at 25 oC (Figure 2.45c),

as a consequence of improved conductivity and transference number, and reduced

charge-transfer resistance (see section 3.1); it also led to the formation of a thinner

solid electrolyte interphase [68]. Albeit these cells were fully operational at high tem-

perature, the coulombic efficiency above 60 oC was relatively low, resonating with

the discussion from section 2.4. Nevertheless, the structural stability of the silicon

anode at 100 oC was remarkable, showing that temperature alone does not offer an

impossible barrier for the implementation of this material at extreme environments.

Among cathode materials, phosphates are particularly resilient to elevated tem-

peratures, as already discussed in section 2.1.2. Previous reports in the literature [39],

also supported by experiments from our group, demonstrated that LiFePO4 (LFP)

is capable of providing satisfactory performance at 150 oC and beyond. This initial

success motivated our investigation of compounds with structural features similar to
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Figure 2.45 : Hybrid electrolytes compatible with silicon anodes at high temperatures:
a) SEM image of the anode, showing silicon coated on a porous current collector; C/5
capacities obtained with PP13-TFSI/LiTFSI (Pip) (b) and with the hybrid electrolyte
containing 20 vol% of PC (c) at different temperatures; d) cyclic stability for silicon
half-cells tested at 100 oC with the two electrolytes. Performance at lower tempera-
tures is drastically enhanced by the addition of PC, with no severe compromises at
100 oC.

LFP, but capable of undergoing charge transfer at even higher voltages. Li3V2(PO4)3

(LVP) emerges as an interesting alternative, as this material is active until ∼4.3 V

vs Li/Li+, while LFP has a plateau at ∼3.55 V vs Li/Li+.

LVP presents three crystallographically distinct lithium ions, and vanadium ions

experiencing two different chemical environments, presenting electrochemical activity

in four distinct potential ranges [216]. Figure 2.46 presents a sketch of a partial
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delithiation profile for this material; the first two plateaus, located at 3.65 V and

3.85 V, actually correspond to a single family of Li+, and each plateau involves the

extraction of half of the corresponding active ions from the lattice, with the associated

oxidation of type 1 V3+ to maintain the electron neutrality in the lattice (Figure 2.46);

a third plateau, at 4.1 V, is related to the removal of another Li+, in a process that

is compensated by the oxidation of vanadium ions in type 2 sites. Although complete

extraction of Li+ from the lattice is possible at even higher voltages (not illustrated

in Figure 2.46), instabilities in the crystal render this process highly irreversible.

Figure 2.46 : Schematic depiction of the charge profile corresponding to the extraction
of two cyclable Li+ from LVP, and the associated redox activity exhibited by V
ions. Substitutional doping with Cr3+ enhances charge delocalization in the lattice,
improving its structural stability.

Even if cycling is constrained within the initial three zones of activity (up to 4.3

V), problems arise with maintaining structural integrity over extended cycles and

high rates – a problem that also possibly extend to elevated temperatures. Inefficient

charge distribution in the partially oxidized V(1) sites, and distortion of the mono-
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clinic lattice, favor the ejection of vanadium ions from the crystal, causing irreversible

damages on the storage capability [217]. Using X-ray photoelectron spectroscopy, our

group has demonstrated that doping LVP with 2% of Cr3+ has a strong positive effect

on the structural resilience of this cathode material, as the presence of chromium ho-

mogenizes the charge experienced by V(1) ions after Li+ extraction, smoothening the

strain distribution in the lattice [216]. Figure 2.46 schematically shows that, upon

complete extraction of the first elecro-active lithium ion, all vanadium ions can assume

the +4 state, whereas some sites persist in the reduced form in the absence of dopant.

As a consequence, structural damage is minimized upon doping, and reversibility of

lithium extraction/insertion is largely enhanced.

These benefits also extend to elevated temperatures. Figure 2.47a exhibit the

cyclic stability at 60 oC of Li/LVP half-cells using 1 M LiPF6 in EC:DMC as elec-

trolyte, juxtaposing the performance of both the pristine and the doped electrode.

Capacity retention is highly superior due to the stabilizing effect offered by chromium

ions; in fact, inspection of the differential capacity diagrams for both samples (Figures

2.47b-c) shows a markedly distinct behavior, with the pristine LVP undergoing severe

peak broadening upon extensive cycling. Such transformation can be expected from

deep structural alterations, affecting reaction kinetics of the remaining electro-active

sites.

After confirming that Cr-doped LVP was able to retain its structural stability

at high rates and elevated temperatures, half-cells were constructed using PP13-

TFSI/LiTFSI as electrolyte and tested at even extremer conditions. Figure 2.48a

shows that extended cycling at 90 oC could be achieved even at very rapid rates (5C),

with minimal performance decay. Interestingly, we also noted that this accelerated

cycling rate masked dramatic effects in these cells, as the coulombic efficiency at
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Figure 2.47 : LVP half-cells tested at 60 oC: a) cyclic stability at 1C, highlighting
the enhanced performance of the doped sample; differential capacity plots for the
cells containing pristine (b) and Cr-doped (c) LVP at the indicated cycle, suggesting
structural decay in the absence of chromium ions. The electrolyte was 1M LiPF6 in
EC:DMC 1:1 wt:wt.

moderate currents and high temperatures would not even reach 80% (Figure 2.48b

shows data recorded at C/10 and 120 oC). A curious trace of these poorly-efficient cells

was that discharge capacity (lithiation) was typically extremely stable, and presented

the values expected from the voltage ranges imposed to LVP; efficiency loss was hence

caused by excessive electron transfer during charge (delithiation).

Figure 2.48 : Cr-doped LVP half-cells tested at high temperatures: a) extended cy-
cling at 5C and 90 oC, exhibiting excellent capacity retention; b) cycling at higher
temperatures (120 oC) and slower rates (C/10) led to decreased efficiency. The elec-
trolyte was 1M LiTFSI/PP13-TFSI in (a), and 2M LiTFSI/PP13-TFSI in (b), and
in both cases the current collector was aluminum.
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Self-discharge tests were conducted to provide additional insights on the origins

of this cell behavior at high temperatures (Figure 2.49). The cell was first cycled at

80 oC until a stable capacity was achieved; the temperature was then raised to 120
oC, and the excessive capacity associated with the first charge at this temperature

can be clearly noted. The cell was then maintained at open circuit, in the fully

charged state (4.3 V) for 24 hours, and discharged afterwards to evaluate the residual

capacity. During the self-discharge, the Cr-LVP lost ∼25 mAh g−1 (compared with

the previous stable discharge capacities), and resumed cycling at 120 oC displaying

the same capacities as it was being delivered at 80 oC, although with reduced efficiency

(i.e. larger charge capacities). The persistence of the discharge capacity is a striking

indication that structural damages were minimal during testing. Post-mortem X-

ray diffraction tests of this sample, and of many others tested at high temperature,

confirmed that Cr-LVP was still the only phase observed in the system, showing that

this modified lattice was remarkably sturdy at extreme environments, even when the

system was maintained at the partially delithiated state (Li1V2(PO4)3, corresponding

to 4.3 V).

The lack of irreversible transformations in the cathode suggests that the low ef-

ficiencies observed in LVP half-cells at elevated temperatures could originate from

deleterious interactions with the electrolyte. The direct oxidation of the ionic liquid

is not expected to proceed at such a high extent at 4.3 V (see the anodic portion

of Figure 2.14b, for example), showing that reactions at interfaces specific to these

systems were occurring. Our group was eventually able to trace the observed phe-

nomenon back to the corrosion of the current collector on which the cathode was cast,

the extent of which depended both on the metal and on the electrolyte used in the

tests (see ref. [200]).
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Figure 2.49 : Probing the structural stability of Cr-doped LVP half-cells. After initial
cycles at 80 oC, testing temperature was raised to 120 oC, which reduced the coulombic
efficiency. The cell was then charged to 4.3 V, and maintained at open-circuit for 24
hours at 120 oC, resulting in a timid capacity loss. All the available capacity was
recovered in the following cycles, indicating that no irreversible structural changes
occurred during self-discharge. The electrolyte was 3M LiTFSI/PP13-TFSI, and the
cell was cycled at C/10. The cathode was cast over Hastelloy, a Ni-based current
collector. Black circles represent charge capacity, while discharge is indicated by the
red symbols.

In conventional Li-ion batteries, aluminum is passivated by the salt LiPF6 through

the formation of fluorides [218]; this beneficial process is one of the main reasons for

the absence of ideal substitutes to this lithium salt. Although LiTFSI is unable to

passivate this metallic surface in the presence of organic solvents [219], solubility of

Al-TFSI complexes is largely suppressed when certain ionic liquids are used as the

electrolyte solvent [220], enabling proper passivation to be achieved – but only at

room temperature. What our team has found [200] is that temperature elevation

reduces the ability of aluminum surfaces to remain protected at high voltages, even if

the interface displays remarkable stability at ambient conditions. Figure 2.50a exhibit

the current measured during the potentiostatic hold of aluminum/Li cells held at 4.3

V at different temperatures. At 25 oC the current quickly decreases and assume a

steady, low value; at 120 oC, however, the current exhibits an initial decay, followed
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by an increase at longer periods, and always remained higher than at 25 oC. This

behavior observed at high temperature indicates that continuous electron transfer

occurs at a higher rate than at ambient conditions, and that an eventual protection

of the Al surface can eventually be disrupted given a sufficient amount of time. Our

investigations with several potential current collectors, as well as other electrolyte

compositions, failed to achieve a behavior that was qualitatively and quantitatively

superior to the discussed above: the oxidative currents measured with aluminum and

PP13-TFSI at 120 oC were the lowest recorded in our experiments.

Figure 2.50 : Oxidative currents in aluminum/lithium cells: potentiostatic hold of
cells containing LiTFSI/PP13-TFSI and tested at 4.3 V at different temperatures (a),
and at 120 oC at different terminal voltages (b). Aluminum is suitable for operation
of low-voltage cathodes at high temperature.

Although a complete mitigation of these processes was not possible, the scenario

is more promising for systems operating at lower voltages (Figure 2.50b); altering the

cutoff used in the potentiostatic hold led to non-monotonic shifts in the displayed be-

havior, with voltages below 3.9 V presenting relatively low current levels, indicating

that this metal/RTIL combination is not problematic when LiFePO4 (and other low-

voltage cathodes) are deployed at high temperature. Revisiting the Cr-LVP half-cell
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data, nevertheless, it is largely possible that corrosion of the current collector con-

tributes with only part of the inefficiencies observed in the tests at high temperature,

and that the direct oxidation of the ionic liquid on the energetic, partially delithiated

electrode surface is also accelerated above 25 oC; in this case, eventual catalytic ef-

fects the cathode materials may have on the oxidative decay of the electrolyte at high

temperature needs to be investigated.

2.5.1 A final word

Our incursions in the realm of rechargeable energy storage at extremely high tem-

peratures led to some important lessons. The first one is that an alteration on the

paradigms of devices as complex as Li-ion batteries requires a comprehensive ap-

proach; our initial exploration of quasi-solid electrolytes (addressing the most im-

mediate difficulties offered by the electrolyte and the separator at harsh conditions)

essentially provided the framework to unravel even more intricate phenomenon occur-

ring at the cathode, the anode and at interfaces – essentially every single cell compo-

nent. The second is surely the fact that identifying (and quantifying) events becomes

growingly difficult, as the rates of every single performance-decaying mechanism is

largely accelerated by temperature. Finally, the advances we were able to achieve

were only possible due to the concerted effort of a highly multidisciplinary team. Al-

though the practical and fundamental outcomes of our collective work barely touched

the surface of a vastly more complex picture, they bear the important consequence of

exposing the essential barriers that separate Li-ion batteries from a boundless future.
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Chapter 3

Rationalization and Metrology of Electrochemical
Phenomena at High Power

The rapidity with which energy can be provided by or replenished to the cell is con-

strained both by the intrinsic tempo of physical processes and by safety considerations.

Power capability is at the core of a common quarrel involving the “user experience”

offered by Li-ion batteries, as the time necessary to achieve a full recharge without

compromising long-term performance can be inconveniently long.

In spite of the overwhelming number of publications echoing the idea that the

kinetics of cells using ionic liquids are limited by the electrolyte’s viscosity, section

3.1 proposes a different view; rate limiting considerations, as well as the rationale for

the design of devices with enhanced performance retention at high rates, are provided.

Section 3.2, nevertheless, shifts the focus away from ionic liquids, and concentrates

on the metrology of electrode potentials, with the aim of predicting the threshold for

Li plating at the anode during extreme fast charging.

3.1 Rationalizing the power limitations of ionic liquids

Fragments of this section appeared originally in:

Rodrigues et al., Rate limiting activity of charge transfer during lithiation from

ionic liquids, Journal of Power Sources 330, 2016 (ref. [110]). Copyright Elsevier B.V.

Reproduced with permission.
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3.1.1 Motivation

Significant research efforts are directed at tailoring ionic liquid compositions to exhibit

higher ion mobilities and improved capacity retention at high cycling rates [221,

222, 223, 224, 225]. While the development of RTILs with low viscosity leads to

a decrease in cell resistance and minimization of the ohmic drop during cycling,

additional factors are likely to play a critical and capacity limiting role. In fact,

lithium insertion into the electrode is a multi-step process [221, 226, 227], which

includes the: i) migration/diffusion of Li+ with its solvation layer in the electrolyte

bulk; ii) desolvation of Li+ and transfer through the double layer (charge transfer) at

the electrode/electrolyte interface; iii) solid-state diffusion of lithium ions within the

active material’s particles; and iv) electron transport at the current collector/electrode

interface. The last step is often thought to occur quickly, given proper distribution

of conductive fillers in the electrode and a good contact with the current collector,

and, thus, does not limit reaction kinetics. Consideration of the first three steps is

necessary for a comprehensive analysis of the overall process.

In the present work, each of these steps is investigated during the lithium insertion

and extraction processes using lithium titanate spinel (Li4Ti5O12, LTO) as a model

electrode, in a half-cell configuration, with an alkoxy-modified phosphonium ionic

liquid electrolyte. The relative contributions of ionic conductivity, charge transfer

and Li+ diffusion in the LTO lattice to the overall kinetics of the cell are evaluated,

and the results provide insights into the essential features required for optimal battery

performance.
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3.1.2 Materials & methods

The ionic liquid (methoxymethyl)triethyl phosphonium bis(trifluoromethane) sulfo-

nimide (2221o1-TFSI) was prepared by mixing triethylphosphine (33.0 mmol, 3.90

g) and bromomethyl methyl ether (36.3 mmol, 4.54 g) in a glove box under argon

atmosphere. The mixture was sealed with a rubber septum and removed from the

glove box, being refluxed under nitrogen at 78 oC in 25 mL of THF. A white solid

was obtained, and the reaction was completed after 24 hours to yield methoxymethyl

triethyl phosphonium bromide (2221o1-Br). The crude intermediate was subjected

to high vacuum at 80 oC to remove any volatile components. Next, 2221o1-Br (32.9

mmol, 8.0 g) and LiTFSI (42.8 mmol, 11.32 g) were combined in 50 mL of a binary

mixture of dichloromethane and DI H2O (1:1 v/v), and after vigorous stirring at 40
oC for 12 hours the ionic liquid 2221o1-TFSI was obtained. The product was washed

by 3 × 15 mL of DI water. The addition of 1 N AgNO3 solution was used to con-

firm the complete elimination of bromide anions. The organic layer was dried on

anhydrous MgSO4 and the solvent was removed under reduced pressure. The final

product was dried at 80 oC overnight under high vacuum and constant stirring prior

to further characterization.

Ionic conductivity was performed using a Conductivity Meter (K912, Consort)

presenting a 4-electrode cell. The ionic liquid electrolytes were dried at 100 oC under

high-vacuum overnight to remove any trace amount of moisture before testing. Sam-

ples were maintained in a glove box filled with Ar during the measurement. A heating

block was used to control the temperature and stirring was maintained during the

measurement to maintain homogeneity. A 30-minute equilibration time was used at

each temperature.

Viscosity was measured with an AR 1000 Controlled Strain Rheometer from TA
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Instruments equipped with a Peltier temperature control using a 20 mm diameter

parallel aluminum plate. The gap was set to be 1.0-2.0 mm in all the runs. To mini-

mize the effect of moisture in the air, the experiments were performed in a glove bag

filled with nitrogen gas. Prior to each test, a pre-shear was done at a shear rate 100

s−1 for 10 s to eliminate the physical memory of the sample, followed by a 15-minute

equilibration step that allowed the sample to reach a steady state. Strain amplitude

from 0.1 to 10% was determined to lie within the linear viscoelastic region (LVR)

via an oscillatory strain sweep at a fixed frequency (1 Hz). Oscillatory temperature

sweep was conducted from 10 oC to 95 oC with increment of 20 oC and 3-minute

equilibrium at each temperature. Strain and frequency were set to be 0.1% and

1 Hz, respectively. The Walden plot was constructed by association of experimen-

tal viscosity values and molar conductivities. The latter was calculated by dividing

experimentally-determined ionic conductivities by density values approximated by

the methods described in references [228] and [229].

LTO (Lithium Titanate, LTO, < 200 nm particle size, spinel, Sigma-Aldrich)

electrodes were prepared by casting the slurry with a coating machine (TQC), with

a speed of 5 mm s−1 and a wet thickness of 60 µm. The slurry was prepared using

N-methylpyrrolidinone (Sigma-Aldrich) as solvent and contained 80% active mate-

rial (Sigma-Aldrich), 10% poly(vinylidene difluoride) binder (PVDF, Sigma-Aldrich)

and 10% Super P carbon conductive filler (kindly provided by Imerys Graphite and

Carbon). Active material loading was 2-3 mg cm−2.

The ionic liquid-based electrolytes consisted of a 1 mol L−1 solution of lithium

bis(trifluoromethane) sulfonimide (LiTFSI, Sigma-Aldrich) in 2221o1-TFSI. A 1 mol

L−1 solution of LiPF6 in ethylene carbonate and dimethyl carbonate (EC:DMC 1:1

v/v, Solvionic) was also employed as a benchmark “conventional” electrolyte.
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Electrochemical testing was performed using 2032-type cells in a half-cell configu-

ration with a quartz membrane (Whatman) as a separator. Cyclic voltammetry (CV)

and electrochemical impedance spectroscopy (EIS) were performed with a Autolab

PGSTAT 302N potentiostat. The CVs were obtained at different scan rates and the

EIS was performed at open-circuit potential, with 5 mV amplitude in the range of

100 kHz to 100 mHz. To guarantee that all cells were at the same state of charge at

different temperatures, EIS experiments were performed in LTO half-cells that have

been previously fully lithiated at C/10 at room temperature. Charge-transfer resis-

tances were fitted assuming a single time constant, in agreement with the absence of

significant electrochemical activity from a permanent SEI-like layer in LTO electrodes

[17, 221, 230, 60]. Galvanostatic cycling was performed on a LAND CT2001A battery

tester (cells at 24 oC) and on a Arbin Instruments BT-2000 battery cycler (cells at

90 oC), at the indicated rates. 1C was assumed to correspond to a current density of

176 mA g−1.

3.1.3 Cycling characteristics

The 2221o1-TFSI phosphonium ionic liquid was chosen as the electrolyte based on the

following considerations. First, phosphonium-based ionic liquids possess high chemi-

cal, electrochemical and thermal stability [231, 232], along with enhanced lithium ion

transport properties compared to other RTILs [233]. Although their ionic conductivi-

ties tend to be low when large side chains are present, the use of smaller cations results

in reduced viscosity and enhanced ion mobility [231]. Replacing a methylene of the

alkyl chain of the ionic liquid with an ether linkage reduces its viscosity and improves

ion transport properties [232, 233, 234, 235], and various mechanisms have been pro-

posed to account for this behavior. Although the polarity of the alkoxy groups will
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draw the cations closer, the enhanced flexibility imparted by the ether bonds disrupts

the ordering in the positively charged domains and reduces packing efficiency [236].

Moreover, the extra rotational flexibility of the side chains increases the effective total

free volume of the RTIL, thereby reducing viscosity and facilitating mass transport

[237]. Although the increase in conductivity originates mostly from changes in the

cation-cation interactions [236], alkoxy-modified RTILs are also expected to show

improved transport properties for lithium salt solutions, by reducing the anion sol-

vation number around Li+ through the formation of cation-salt complexes [221] The

properties of phosphonium cations benefit from the presence of polar groups in the

side chain due to the absence of hydrogen bond donors in the backbone. In the case

of 2221o1-TFSI, the side chain heteroatom is also in close proximity to the cationic

charge center, ensuring maximum flexibility gain and an appreciable drop in viscosity

[237]. Despite being first reported by Tsunashima & Sugiya [232], to the best of our

knowledge the present work is the first to explore its use as an electrolyte in a Li-ion

cell and its use as a model compound to probe the kinetics of battery operation.

Figure 3.1 : Electrochemical testing of LTO half-cells with 2221o1-TFSI in the elec-
trolyte at 24 oC: a) long galvanostatic cycling at a C/2 rate; b) cyclic voltammetry
at a scan rate of 0.1 mV s−1. Only the 3rd cycle is shown here for simplicity.

The electrolyte was prepared by dissolving LiTFSI in the ionic liquid to a final con-
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centration of 1 mol L−1, and the electrochemical tests were performed using Li/LTO

half-cells. The half-cell showed high cyclic stability at a C/2 rate at 24 oC (Figure

3.1a), with capacity retention over 98% at the 200th cycle and 77% at the 500th.

The coulombic efficiency slightly oscillated throughout the experiment but was above

99.5% for the majority of cycles. The results from cyclic voltammetry experiments

showed well-defined redox peaks (Figure 3.1b) with relatively small polarization.

Figure 3.2 : Rate capability of LTO half-cells: a) 2221o1-TFSI at 24 oC; b) 2221o1-
TFSI at 90 oC; c) 1 mol L−1 LiPF6 in EC:DMC 1:1 v/v tested at 24 oC; d) capacity
retention as a function of C-rate. The rate performance of the ionic liquid at high
temperature is superior to the observed for organic electrolytes at 24 oC.

The cell performance was evaluated at varying rates from C/20 to 1C. At room

temperature (Figure 3.2a) full practical capacity of LTO was achieved at slow rates
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(C/20) and the capacity retention reached about 80% at higher rates (at 1C). When

the cell was tested at 90 oC, an improved rate capability was observed (Figure 3.2b),

with virtually no change in delithiation capacity within the range investigated. For

comparison, the performance obtained at 24 oC using a 1 mol L−1 solution of LiPF6

in a 1:1 vol/vol mixture of ethylene carbonate and dimethyl carbonate as electrolyte

is shown in Figure 3.2c.

Interestingly, at room temperature and high rates the cells based on the 2221o1-

TFSI electrolyte were inferior to conventional electrolytes, while at 90 oC the cells

outperformed devices based on organic solvents (Figure 3.2d). Specifically, at 90 oC,

LTO half-cells using an alkoxy-modified TFSI-based ionic liquid in the electrolyte

showed higher capacity as well as an enhanced rate capability than identical cells

employing a conventional organic electrolyte operated at 24 oC. Understanding the

specific parameters involved in this performance enhancement at elevated tempera-

tures may reveal strategies and/or design requirements to develop optimized ionic

liquids able to deliver high power over a wide temperature range. Thus, we inde-

pendently analyzed: 1) Li+ transport in the electrolyte; 2) charge transfer; and 3)

solid-state diffusion with both the 2221o1-TFSI and conventional electrolytes in order

to determine their individual contribution to cell performance.

3.1.4 Li+ transport in the electrolyte

Among other factors, the charge transport in the electrolyte depends on the ionic con-

ductivity, which is strongly affected by viscosity. This is particularly important in the

case of ionic liquids, as they generally possess higher viscosities than carbonate-based

electrolytes at room temperature. The viscosity of the 2221o1-TFSI solutions was de-

pendent both on temperature and the concentration of added LiTFSI (Figure 3.3a),
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and decreased with lower salt content and at higher temperatures. The opposite be-

havior was observed for the ionic conductivity (Figure 3.3b), which quickly decreased

with salt addition. The conductivity values exhibited Vogel-Tamman-Fulcher (VTF)

dependence with temperature, as indicated by the non-linearity of the Arrhenius plot

(see section 2.2.3 for details regarding the VTF model).

Figure 3.3 : Transport properties of the ionic liquid and its solutions with LiTFSI.
The Arrhenius plot for viscosity and ionic conductivity are shown in (a) and (b), re-
spectively; c) Walden plot, showing the effect of salt concentration on the relationship
between charge transport and fluidity in the electrolytes.

A strong correlation was observed between viscosity and conductivity for the so-

lutions, as shown in the Walden plot (Figure 3.3c). All of the data points lied around

the unity slope line, indicating that the correlation between fluidity and ion motion

was maintained even with the addition of different salt concentrations. A comparative

analysis with the VTF fit parameters (not shown here) indicated that this was likely

due to a combination of reduced ionicity after salt addition and changes in the frac-

tion of free volume for each concentration, even if the apparent trend in Figure 3.3c

suggested that the extent of ion pairing was independent of LiTFSI concentration.

At 90 oC the ionic conductivity of the 1 mol L−1 solution was 9.8 mS cm−1,

which is similar to the values typically reported for carbonate-based electrolytes at
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room temperature [139]. However, the transference number for lithium ions was

determined to be 0.15 for 2221o1-TFSI (using the polarization technique [17], data

not shown here), as compared to 0.30-0.55 for carbonate-based electrolytes [238].

The overall Li+ motion was comparatively slower in the ionic liquid, even at high

temperatures. Clearly, ion transport was limiting at 90 oC and this result cannot alone

explain the enhanced rate capability observed with 2221o1-TFSI at 90 oC compared

to conventional electrolytes at room temperature.

3.1.5 Charge transfer

The overall process of lithium ion detachment from the solvation shell and insertion

into the electrode can be described by the charge-transfer resistance (RCT ) [221, 226,

239, 240, 241, 242, 243]. The Nyquist plots (Figure 3.4a) for LTO half-cells with a

state of charge of 100%, at different temperatures, showed typical features of a Randles

circuit (inset). The RCT , given by the diameter of the semicircle, clearly diminished

as the temperature increased, as an effect of improved kinetic of the process. At room

temperature, the charge-transfer resistance for 2221o1-TFSI was on the order of 100

ohms, while the value for a 1 mol L−1 solution of LiPF6 in a 1:1 vol/vol mixture of

ethylene carbonate and dimethyl carbonate was an order of magnitude smaller.

The evolution of charge-transfer resistance with respect to temperature for both

electrolytes was significant (Figure 3.4b). Both systems exhibited an Arrhenius-like

behavior, as indicated by the linearity of the plots, with activation energies (Ea) calcu-

lated to be 47 and 52 kJ mol−1 for organic electrolyte and 2221o1-TFSI, respectively.

While the Ea value determined for the carbonate-based system agreed with reports

for LTO with other electrolytes in the literature, including 44 kJ mol−1 for 0.5 mol

L−1 LiClO4/EC + DEC [243] and 49 kJ mol−1 for 1 mol L−1 LiTFSI/PC [221], the
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Figure 3.4 : Evolution of charge transfer resistance with temperature: a) three-
dimensional Nyquist plot showing the changes in the impedance spectra with tem-
perature for LTO half-cells using 2221o1-TFSI. At each temperature, the profile can
be described by a Randles circuit (inset); b) Arrhenius plot of the charge transfer re-
sistances for 2221o1-TFSI and conventional organic electrolytes. Red lines are linear
fits to the experimental points, while the dotted lines indicate a crossover tempera-
ture, beyond which the charge transfer resistance for the ionic liquid is smaller than
exhibited by the conventional electrolyte at 24 oC. All measurements were performed
with half-cells in the fully lithiated state.

activation energy of 52 kJ mol−1 determined in the present work was considerably

lower than previously reported elsewhere for TFSI-based ionic liquids. Typical re-

ported values are in the range of 62-70 kJ mol−1 for the interface between ammonium

[239, 244], piperidinium [221, 240, 244], pyrrolidinium [239] and imidazolium [244]

RTILs with various working electrodes. Although the Li+ desolvation process plays

an essential role in the charge transfer, previous attempts in correlating activation

energies with structural features in the electrolyte have not succeeded. For example,

Sagane et al. [244] observed that for TFSI-based ionic liquids, the cation has a small

influence on the Ea values observed for Li+ transfer, with imidazolium- outperforming

ammonium- and piperidinium-based RTILs. However, such results are not explained

based on the total molarity of the electrolyte or specificities of the coulombic inter-

actions in the systems. The difficulty in achieving structure-property correlation in
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these cases is highlighted when analyzing the work by Shimizu et al. [221], which

compared the performance of analogous piperidinium-TFSI-based ionic liquids differ-

ing only by the presence of an alkoxy group in the cation. Although their work clearly

showed that the addition of an oxygen group to the side chain largely reduced the

extent of solvation of lithium ions by TFSI, even decreasing the solvation number,

the activation energy did not change.

The choice of anion significantly impacts the charge transfer process, which agrees

with the assumption of the role played by desolvation. Particularly, Sagane et al.

reported activation energy values as low as 25 kJ mol−1 for EMIBF4, contradicting

the expectations based solely on the basicity of different groups [244]. Although

TFSI-based ionic liquids exhibit higher Ea values, they possess enhanced stability

against thermal runaway [25, 15] and so a better understanding of their properties

can effectively improve both the cycle and shelf lives of batteries at high temperatures.

Comparing the results of our work with the activation energy values reported in the

literature, we observed that the phosphonium cation facilitated the desolvation of

lithium ions and improved the charge transfer step when TFSI anions are present.

Although the activation energy values provide general information on the relative

contribution of each step to the rate of the overall process, a complete understanding

of the performance difference for the various systems requires the analysis of the

standard rate constants (ko). Due to the difficulty in determining the concentration of

Li+ in the vicinity of the LTO surface, an approximate analysis was used based on the

charge-transfer resistance, since RCT is inversely proportional to the exchange current,

which in turn is proportional to ko [245, 246]. The dashed line in Figure 3.4b indicates

that only at higher temperatures did the charge-transfer resistance for the RTIL match

the one displayed by organic electrolytes at 24 oC, with a crossover temperature of
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56.8 oC. Specifically, 2221o1-TFSI at 90 oC demonstrated a RCT of 2 Ω, a value 4 times

lower than that observed for organic electrolytes at 24 oC, presumably accounting for

the better performance of 2221o1-TFSI at high temperatures. Even with identical

RCT values the standard rate constant for 2221o1-TFSI is expected to be lower at a

first approximation, since the surface concentration of lithium ions might be reduced

due to the high molar fraction and mobility of phosphonium cations. Nevertheless,

at 90 oC the rapid decrease in RCT offset the Li+ depletion at the electrode surface,

resulting in a larger ko value for the ionic liquid than the one exhibited by the organic

electrolyte at room temperature and favoring battery performance at higher rates.

This result is in agreement with previous results from our group [17], showing that

for ionic liquids there may be a minimum temperature beyond which the system

performs at peak capability.

3.1.6 Li+ solid state diffusion

The apparent chemical diffusion coefficients (DLi) were estimated by using the peak

currents Ip from cyclic voltammograms obtained at different scan rates v and fitting

the results with the Randles-Sevcik equation [247, 248]:

Ip = 0.4463nFAC(
nFvDLi

RT
)1/2 (3.1)

where n is the charge transfer number, F is the Faraday’s constant, A is the surface

area of the electrode, C is the Li+ concentration in the solid, 0.4463 is a constant

and both R and T hold their usual attributions. The cross-sectional area of the

electrodes was used as an approximation for A; as the electrodes paired with different

electrolytes were identical, the semi-quantitative nature of the values calculated in

this work does not preclude a direct internal comparison. Although this equation was



144

originally developed considering one-dimensional diffusion towards ideally smooth

surfaces [249], diffusion coefficients determined with the Randles-Sevcik formulation

have been shown to agree quite well with the outcomes of other electroanalytical

techniques (as impedance spectroscopy and electrochemical titration methods [250,

251]), and is adopted in this work for the sake of its simplicity and accessibility.

The CV profiles for Li/LTO half-cells at 90 oC (Figure 3.5a), containing the

2221o1-TFSI electrolyte, showed that the peak current magnitude and the separation

between the anodic and cathodic peaks slowly increased with scan rate. A linear cor-

relation between the peak currents and the square root of the scan rate was observed

for all samples (Figure 3.5b), indicating a typical diffusion-controlled process [246],

and the calculated chemical diffusion coefficients are shown in Table 1.

Figure 3.5 : Probing the solid state diffusion of Li+: a) cyclic voltammograms at 90
oC and different scan rates for half-cells using 2221o1-TFSI; b) peak current of anodic
and cathodic processes as a function of the square root of the scan rate. The linear
correlation is indicative of a diffusion-controlled process.

The DLi values obtained were 7.3 x10−11 and 6.5x10−11 cm2 s−1 for the anodic

and cathodic steps, respectively, when an organic electrolyte was used. Although the

intrinsic chemical diffusion coefficients vary with surface area, particle size, and parti-
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Table 3.1 : Effect of electrolyte and temperature on chemical diffusion coefficients.
Sample DLi anodic (cm2 s−1) DLi cathodic (cm2 s−1)

Organic electrolyte, 24 oC 7.3 x 10−11 6.5 x 10−11

2221o1-TFSI, 24 oC 6.3 x 10−13 4.0 x 10−13

2221o1-TFSI, 90 oC 1.5 x 10−11 1.6 x 10−11

cle shape, these values were of the same order as reported for LTO nanoparticles [252]

and thin films prepared by the sol-gel method [250], with the differences observed for

insertion and extraction processes arising from changes in the electronic conductivity

and the crystallographic sites occupied by lithium in the charged state [253].

Surprisingly, the DLi values obtained with 2221o1-TFSI were two orders of magni-

tude lower than the ones measured with the carbonate-based electrolyte. Determina-

tion of DLi using the Warburg impedance from EIS measurements resulted in similar

numbers (not shown here), validating the application of the Randles-Sevcik model

to the system investigated in the present work and confirming the observed trend.

If the results reported in Table 1 were purely associated to ion diffusion within the

LTO lattice they should not show such a strong dependence on the electrolyte. Since

the electrode configuration used in the present work was not a thin film, its com-

posite nature added complexity in analyzing the overall mass transport within LTO.

Although a temperature increase to 90 oC improved the chemical diffusion coefficient

by a factor of over 20 times, the values were still significantly lower than observed for

conventional electrolyte systems.

The DLi values reported for 2221o1-TFSI at room temperature were many orders

of magnitude lower than the self-diffusion coefficients for lithium ions in other RTILs

[233, 147, 254], and, thus, the intrinsic ion motion in the liquid did not account en-
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tirely for the disparity in the values for solid-state diffusion. The penetration depth of

the electrolyte in the electrode is also dictated by the wetting compatibility between

electrode components and the liquid phase. The ionic conductivity of electrolyte

within the binder has in fact been shown to affect the rate capability of cells [255],

emphasizing the role of these inactive components in the electrode performance. The

intrinsically high viscosity of ionic liquids limits their impregnation into the elec-

trode, potentially reducing active material usage and ion transport in the electrode.

Additionally, it is unknown how well conventional binder materials will be wet by

RTILs, since polymers such as PVDF are usually chosen based on compatibility with

carbonate-based solvents and to the best of our knowledge no work has addressed

the development of binders specifically designed for ionic liquid-based electrolytes.

Polymers derived from RTILs have been shown to provide superior performance with

conventional electrolyte systems [256, 257] and are potential candidates to promote

a better integration between ionic liquids and electrode films.

3.1.7 Rate limiting step and overall considerations

The evolution of different kinetic parameters with temperature for 2221o1-TFSI and

the comparison with the performance from the use of conventional electrolyte sys-

tems offered important insights on how to tailor cell design to obtain maximum

performance from ionic liquid-based electrolytes. The relative significance of each

individual process, within this electrodic reaction, can be determined by analyzing

their activation energies.

Activation energies for ion motion in the electrolyte were estimated by assuming

an Arrhenius-like behavior for ionic conductivity with temperature, and a value of

30 kJ/mol was determined, in the upper range of reports for RTILs [258, 259, 144].
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Table 3.2 : Activation energies calculated for each step of the overall electrodic reac-
tion.

Step Activation Energy (kJ mol−1)

Li+ migration in electrolyte 30

Charge transfer 52

Solid-state diffusion 40

For the solid-state diffusion, activation energies for both the anodic and cathodic

processes with 2221o1-TFSI were found to be the same (estimated as 40 kJ mol−1)

and in agreement with previous reports for organic electrolytes [253]. The highest

activation energy (Table 2) was 52 kJ mol−1 for the charge transfer process, rendering

it the rate-limiting step. An analysis of the typical Ea values for these steps when

ionic liquids are used as electrolyte (as in the examples in section 3.1.5) indicates

that charge transfer will likely limit the kinetics of the overall process. Improving

the rate performance of ionic liquids at lower temperatures requires minimizing the

charge-transfer resistance by reducing the energy barrier for desolvation. The lack

of fundamental understanding of the connections between Li+ solvation in the bulk

electrolyte and the dynamics of desolvation hinders the design of an optimized ionic

liquid, although the findings of the present work suggest that phosphonium-based

RTILs are particularly suited for fast ion transfer in TFSI-containing systems.

The fundamental role of the charge transfer step was corroborated by the ob-

servations made in previous sections. Although increased temperature improved the

Li+ mobility both in the electrolyte and within the electrode, these processes still oc-

curred at a faster pace in cells tested at room temperature using organic electrolytes.

However, the RCT at 90 oC for 2221o1-TFSI was about four times lower than for
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organic electrolyte at 24 oC, likely leading to an improved standard rate constant. In

this sense, although all parameters contribute to the enhanced rate performance of

the ionic liquid at higher temperatures, the charge-transfer resistance was the only

one favoring reaction kinetics in ionic liquids at 90 oC over organic electrolytes at 24
oC. Thus, improving the charge transfer process is critical for allowing ionic liquids

to outperform conventional carbonate-based electrolytes.

Based on the observations described in our work, we suggest strategies to maxi-

mize the rate capability of Li-ion batteries with ionic liquids at lower temperatures.

The successful design of RTIL as electrolytes should consider the electrode wetta-

bility, Li+ transport in both the liquid and solid phases, and the charge transfer.

Selecting compositions with reduced viscosity contributes to increase Li+ mobility

and electrode wetting, while the design of binders compatible with RTILs will reduce

the gap between the diffusivity of the ions within the electrode. We also suggest two

possible approaches to optimize the charge-transfer processes in the cell. The first

one is to identify ionic liquids able to maximize the standard rate constants, involving

the exploration of compositions exhibiting enhanced Li+ transference numbers. For

this purpose, it is also essential to focus on the RCT values, which remain largely un-

reported in the literature, and not only on activation energies. The second approach

involves minimizing the Ea for charge transfer by choosing appropriate cations and

anions as to ensure that charge transfer is not the rate limiting step. In this case, in-

creasing electrode wetting and/or electrolyte ionic conductivity will afford enhanced

rate capability at lower temperatures.
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3.1.8 Outlook

One of the major challenges for using ionic liquids in Li-ion batteries is their low rate

capability as compared to that achieved with carbonate-based electrolytes. Never-

theless, RTILs possess several favorable properties over carbonate-based electrolytes,

such as thermal stability and low flammability. We evaluated the evolution of cell

performance as a function of increasing temperature to identify and understand key

parameters and reaction processes required to achieve optimal rate capability when

using a RTIL-based electrolyte.

At 90 oC, LTO half-cells with an alkoxy-modified TFSI-based ionic liquid elec-

trolyte exhibited greater capacity retention at high rates than identical cells employ-

ing a conventional organic electrolyte operated at 24 oC. Although both the ionic

conductivity of the RTIL and the solid-state diffusion of Li+ in LTO improved at

higher temperatures, these processes are still slower than in the conventional cells,

and, thus, cannot explain how the power density of RTIL-based cells surpasses or-

ganic electrolytes. However, the charge-transfer resistance for the 2221o1-TFSI cells

shows a dramatic drop with temperature increase, being four times smaller at 90 oC

than for conventional electrolyte at room temperature. Therefore, we propose that

the charge transfer process is responsible for the improved performance.

Ion mobility in the electrolyte occurs with the lowest activation energy, followed by

solid-state diffusion of Li+, and finally charge transfer. As a consequence, the latter is

the rate-limiting step of the electrodic reaction, justifying why favoring charge transfer

at high temperatures is enough to outperform organic electrolytes. Considering the

activation energy values available in the literature for the processes above, charge

transfer will likely present this same rate-limiting behavior whenever ionic liquids are

employed as electrolyte for Li-ion batteries. Based on this information, we presented
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strategies to improve the capacity retention for RTIL-based cells operated at any

temperature.

The charge transfer process is often analyzed only in terms of its activation en-

ergy, and the analysis of the RCT values is largely underexplored in the literature.

Investigating the beneficial role of cations to the desolvation process, as we report

here for phosphonium groups with TFSI anions, is a necessary step in determining

the mechanisms responsible for improved cell kinetics. Continued research activi-

ties centered at studying interfacial electrode/electrolyte processes and synthesizing

new ionic liquids will provide additional insight as well as guide the design of safer

high-performance Li-ion batteries for operation at both low and high temperatures.
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3.2 Metrology of Li plating at high cycling rates

The content of this section is part of an ongoing investigation, and may be included

in a future publication.

This project was executed at Argonne National Laboratory, under the supervision

of Dr. Daniel Abraham.

3.2.1 Motivation

Incremental advances in Li-ion battery manufacturing and the implementation of

fabrication facilities operating at unprecedented scales were instrumental in driving

up the popularity of electric cars. Although the all-electric vehicles available in the

market today perform extremely well on the roads, a core barrier to their adoption cu-

riously emerges when they are on “parking” gear: the long charging periods necessary

to refill the power packs [260]. Major technical and infrastructural challenges separate

this tedious recharging from the convenient experience provided by gas stations, feed-

ing into the reigning range anxiety. Given the fundamental and diversified character

of the problems, and the potential economic impact of an eventual solution, extreme

fast charging of Li-ion batteries has been deemed a highly strategic topic by the U.S.

Department of Energy, whose goal is to stimulate the development of systems able

to achieve a state-of-charge of 80% in only 10 minutes [261]. To put this endeavor

in perspective, this would correspond to an average charging rate equivalent to “∼20

miles per minute”, far beyond the 5.6 mi min−1 offered by today’s Tesla superchargers

[261].

The barriers to achieve this bold objective are multifaceted, and include issues

as disparate as the dimensional stability of active material particles on the cathode

[262] and the dissipation of the Joule heating generated from the passage of high
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current loads [263]. One problem in particular is relevant in that it imposes difficul-

ties on both performance retention and safety: the deposition of metallic lithium on

the anode, triggered by certain charging conditions. At high power, both the ohmic

and concentration overpotentials can achieve significant levels, effectively driving the

potential experienced by the anode to voltages beyond the threshold for the electro-

plating of lithium [264]. These metallic deposits are extremely reactive, and readily

reduce surrounding layers of the electrolyte, originating a new solid electrolyte in-

terphase that may increase cell impedance [264]. A fraction of the plated lithium

may also become electronically detached from the electrode and cannot be reinserted

in the cathode during the ensuing discharge [265]. These unrecoverable islands of

reactive matter pose safety hazards, both during cell disassembly (for investigative

purposes) or emergency response (during accidents) [261].

The occurrence of lithium plating can be detected by various physical and electro-

chemical principles. Among the electrochemical methods, there have been a prevalent

interest in developing techniques that can be incorporated into battery management

systems (BMS), capable of controlling the current loads applied to the battery in

real time in order to avoid deleterious conditions. Despite the practical relevance of

this concept, it typically offers the indirect detection of Li metal deposition, which

is inferred by electron counting [266] or mathematical analysis of discharge profiles

[267]. The analysis of the potentials experienced by each electrode in the cell provides

a much more straightforward manner to track the initiation of lithium plating, which

coincides with the anode’s exposure to potentials below 0 V vs Li/Li+. This feat re-

quires the incorporation of a reference electrode into the cell, which, although hardly

compatible with conventional cell formats, can be invaluable to the optimization of

materials, electrode coating and charging protocols.
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Many practical aspects, nevertheless, are extremely relevant to extract the full ca-

pabilities offered by reference electrodes. Figure 3.6 compares the profile of a graphite

anode during charge (as recorded with a Li metal reference) with the lithiation pro-

file of a Li/graphite half-cell. In this particular case, a piece of metallic lithium was

compressed over a thin copper wire to form the electrode, which was positioned ad-

jacent to the electrode stack inside the cell. Although a perfect resemblance should

not be expected between these two profiles (as the current flow experienced by Li in

the 2-electrode system imposes additional overpotential terms and may also alter the

nature of the surface layer), the response recorded with the reference electrode clearly

fails in capturing all subtleties of graphite’s electrochemistry, presenting obscure in-

flexion points rather than the plateaus that are characteristic to this anode. In this

section, preliminary efforts to improve the appropriateness of a reference electrode

system will be described, including brief considerations on electrode fabrication, cell

design and integration strategies. The resulting setup will collaborate to Argonne

National Laboratory’s efforts in developing batteries compatible with extreme fast

charging.

3.2.2 Materials & methods

The electrochemical essays described in this section were carried using electrodes fab-

ricated at Argonne National Laboratory’s Cell Analysis, Modeling, and Prototyping

(CAMP) Facility. LiNi0.5Co0.2Mn0.3O2 (NCM523) was used as the cathode’s active

material, and both Li4Ti5O12 (LTO) and graphite were tested as anodes. The exact

composition of the electrodes is presented in section 4.2.2, and is omitted here for

brevity. Cells were maintained at 30 oC, and tests were conducted using a MACCOR

Series 4000 cycler.
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Figure 3.6 : Comparison between graphite lithiation profiles in a Li/graphite half-cell
(2-electrode system, red) and in a NCM523 vs graphite full-cell (3-electrode system,
blue). In the latter case, the reference electrode was adjacent to the cathode/anode
stack. The y-axis represent full-cell voltages for the half-cell, and potential vs Li/Li+
for the cell containing the reference electrode.

Tests were performed in custom-made electrochemical cells, able to accommodate

multiple reference electrodes. Details on cell construction and assembly are available

in refs. [194, 268]. Briefly, a core virtue of these cells is that they employ large-area

cathodes and anodes (20.3 cm2), so as to minimize the interference of the reference

electrode on the current distribution within the electrode stack. A copper wire (25

µm internal diameter), to which a thin layer of lithium metal was plated in situ, was

used as a reference electrode; the polyurethane insulating layer that originally coated

the wire was chemically stripped from a ∼2 mm long region at both extremities, to

allow electrical contact. After cell assembly, Li was plated onto the copper from the

cathode, under a constant current of 5 µA for 6 hours, providing a reference electrode

with stable voltage output. The consumption of lithium ions during the formation

of the reference electrode is negligible if compared to the capacity contained in the

”oversized” cathode used in our setup. In an optimal configuration, the reference
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electrode was positioned at the center of the electrode stack, in between two layers of

separator (Celgard). The effect of reference positioning on the metrology of electrode

potentials is discussed in this section. The electrolyte was a 1.2 M solution of LiPF6 in

EC:EMC (3:7, w/w), where EC is ethylene carbonate, and EMC is ethylmethyl car-

bonate, and was present in large excess, so decomposition events would have limited

effects on the cell’s equivalent series resistance.

Cells containing NCM523 and graphite electrodes underwent three successive for-

mation cycles, at C/10, C/10 ad C/25, respectively; this step not only ensured proper

passivation of the anode, but also established upper limits for cell capacity, invoked

as a baseline when analyzing the performance at high cycling currents. Rate capa-

bility was evaluated by successively exposing the cell to one cycle at C/5, C/2, 1C,

2C, 4C and 6C; at the end of each charge or discharge step, the cell was held at the

cutoff voltage until the current fell below C/25, to ensure full electrode utilization

before initiation of the following step (capacities at each rate were taken at the first

intersection with the voltage limit, so the voltage hold is not problematic for the

reported metrics). A final diagnostic cycle was carried at C/25, to determine the

remaining amount of cyclable Li+ in the cell. For the initial formation cycles, cycling

was confined to 4.39 V - 2.0 V (full-cell voltage); in the remaining tests, the lower

cutoff voltage was adjusted to 3.0 V.

Cell impedance was measured after the formation cycle and immediately follow-

ing the rate capability test, using the hybrid pulse power characterization (HPPC)

testing protocol. This technique provides practical information on cell resistance over

the entire range of states-of-charge (SOC), and is essentially based on monitoring the

voltage drop after the interruption of current pulses [269], rendering its implemen-

tation within complex and long testing protocols relatively straightforward. During
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Figure 3.7 : Illustration of the data recorded during a typical HPPC analysis: a)
full-cell profile, in which each plateau is preceded by a discharge equivalent to 1/10
of the cell capacity. The spikes denote the high-power pulses; b) variation of the
current, indicating the dwell times and the pulses; c) voltage variation during the
charge/discharge pulses and the resting periods. The times indicated by tx provide
visual reference to the equations.

the HPPC test, the cell was discharged at C/10 for nine consecutive steps, each one

involving 1/10 of the initial charge capacity (Figure 3.7a). After each of these partial

discharges, the cell rested at open-circuit for 1 hour; a 3C discharge pulse was then

applied to the cell for 10 seconds, followed by an additional rest period of 40 s; finally,

a charge pulse at 3C was imposed for 10 seconds (Figures 3.7b-c). For each SOC,

charge and discharge resistances can be calculated by Equations 3.2 and 3.3 [194],

respectively, where the meaning of the indexes is indicated in Figure 3.7.

Rcharge =
∆V

∆I
=

Vt2 − Vt3

It2 − It3
(3.2)

Rdischarge =
∆V

∆I
=

Vt0 − Vt1

It0 − It1
(3.3)

In this section, only discharge impedance will be presented, multiplied by the

cross-sectional area of the electrode, in the form of an area-specific impedance (ASI).

The power of using a reference electrode is that it allows the Vtx values to be indepen-

dently recorded for each electrode, providing impedance information for the cathode,
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the anode and the full-cell with a single experiment. Data obtained from HPPC,

nevertheless, can be fairly dependent on the experimental conditions (as alterations

on Vtx, Itx or tx impart changes on R), being in general constrained to the analysis

of impedance variations within similar cell compositions.

3.2.3 Metrological considerations

Li-ion batteries are extremely complex devices. Although most studies are constrained

to the analysis of electrochemical information collected from full-cells, this data set

is essentially an averaged response of independent processes that simultaneously un-

ravel at the cathode and at the anode, and fails to convey all the nuances of these

phenomena. The knowledge of individual electrode behavior is highly significant to

rationalize the evolution of cell properties over its useful lifetime.

The contribution of each electrode to cell impedance can be experimentally de-

termined both by in situ and ex situ methods. The former consists in the use of test

cells containing a reference electrode, which allows real-time monitoring of electrode

potentials; the latter involves cell disassembly and extraction of two identical pieces

from the electrode, which are teamed in a symmetric cell [270, 271], whose response

constitutes a linear combination of the two equivalent electrodes. While symmetric

cells can be easily implemented in the study of systems of any size and format, they

carry the inevitable drawback of only providing information of the electrode in its

terminal state in the battery, immediately prior to disassembly. Additionally, the

accuracy of this approach can suffer from design flaws, as minor geometrical and

electronic asymmetries are bound to introduce artifacts into the measurement [272].

The use of a reference electrode is the most versatile alternative to acquire informa-

tion as the cell operates. Besides enabling the determination of electrode impedances,
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it can also monitor the instant potentials experienced by the cathode and the anode,

assisting in the diagnostics of electrochemical phenomena. Several materials have

been previously explored as reference electrodes; lithium metal is perhaps the most

prevalent example [17, 167, 273], as the measured potentials have immediate signif-

icance in the context of Li-ion batteries. Typical cathodes and anodes with notable

interfacial stability and “flat” reaction voltage, as LFP [274] and LTO [275, 274],

have also been proposed to act as reliable electrochemical references. Lithium alloys

with metals such as tin [194], gold [276, 277] and bismuth [278] also exemplify other

classes of materials investigated for this purpose. Recurring practical challenges with

reference electrodes arise from the intrinsic properties of these compounds: lithium is

excessively malleable, while ceramics are brittle (and electronic insulators) and metals

tend to assume a broad range of potentials as they lithiate.

Even ideal reference electrodes, however, are susceptible to significant experimen-

tal interference imposed by cell construction. Figure 3.6 showed that placing the

reference electrode laterally to the electrode stack can reduce the accuracy of the

measured potentials. Simulations described by Dees et al. showed that, although the

voltage experienced by the electrolyte in a region adjacent to the stack may reproduce

the “true” values if the cathode and the anode are perfectly aligned, a displacement

of a fraction of a millimeter is enough to introduce severe errors in the measured

electrode impedance [279]. Although these errors were shown to be systematic, and

hence do not invalidate a relative analysis of impedance evolution within a same cell

[279], this arrangement is largely (and perhaps improperly) employed in the literature

for monitoring electrode potentials. Positioning the reference electrode in between

the cathode and the anode can eliminate this problem, but introduces additional

concerns; while electrode misalignment has been proposed to incur in non-uniformity
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in the current distribution close to the edges [280], a possible “shadowing” effect of

the reference electrode may also take place, altering the effective area of the cath-

ode/anode that is able to engage in charge transfer at moderate rates. Issues may also

arise from the finite dimensions of the reference electrode; for a 1-mm-wide Li metal

reference electrode with the same thickness as a separator layer (25 µm), variations

in the potential distribution in the cell may induce errors at the order of 10 mV in

the measured potentials [279].

Figure 3.8 : Comparison between graphite lithiation profiles in a Li/graphite half-cell
(2-electrode system, red) and in a NCM523 vs graphite full-cell (3-electrode system,
blue). In the latter case, the reference electrode was sandwiched amongst the cathode
and the anode, positioned in the very center of the cell. The y-axis represent full-cell
voltages for the half-cell, and potential vs Li/Li+ for the cell containing the reference
electrode.

Both the test cell and the reference electrode employed here were devised to ad-

dress these considerations. An optimal design needs to include the reference electrode

in the space between the cathode and anode, to improve the accuracy of voltage mea-

surements; it also needs to minimize the interference imposed by the presence of a

third electrode to the current flow in the cell. Both elements are factored in in our
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option for the utilization of electrodes having a diameter orders of magnitude larger

than the width of the reference wire (> 2.5 cm vs 25 µm), and for carrying in situ

deposition of lithium on the wire, minimizing the final dimensions of the reference

electrode. As a consequence, our setup allows electrode potentials to be captured with

higher accuracy, as demonstrated by the profile in Figure 3.8, exhibiting the char-

acteristic staging of graphite anodes during lithiation (compare it with Figure 3.6),

and the occurrence of the plateaus at the expected voltages (see [281], for example).

In addition to being exact, the combination of our custom-made electrochemical cell

with the reference wire provided extremely precise information: electrode potentials

could be reproduced in multiple cells within ∼1 mV (Figure 3.9). Caution should be

exercised, nevertheless, regarding the universality of measurements involving three

electrodes: the absolute free energy of the Li/Li+ redox pair (or its potential vs the

standard hydrogen electrode) has been shown to vary with the solvation properties

of lithium ions in the electrolyte solution, and direct comparison of voltage values is

only possible within similar systems [282].

Figure 3.9 : Reproducibility of the measured potentials: anode profiles recorded
during charging four different NCM523 vs graphite (a)and NCM523 vs LTO (b) full-
cells. Measurements were carried at C/25, and the variation in the associated capacity
in different cells originate from alterations in the negative-to-positive ratio in the full-
cells. Potentials could be replicated within 1 mV.
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3.2.4 Lithium deposition at high rates

Charge-discharge profiles for NCM523 vs graphite full-cells at various rates are shown

in Figure 3.10a. Although cell performance was virtually invariant until cycling rates

of C/10, higher currents led to a progressive decay of the total capacity provided

by the cell, with a more pronounced loss in capacity retention at 4C and beyond.

Figure 3.10b summarizes this variation of the cell’s storage capability, showing that

the capacity reduces quasi-linearly at rates higher than C/2. It is also clear that the

power capability of the cell during discharge is consistently better than during charge

(Figures 3.10b-c); this behavior can possibly be traced back to the progression of Li+

diffusivity within graphite, which has been shown to be higher during delithiation

(discharge) [283, 284], indicating that the anode may be presenting a limiting activity

on cell kinetics.

The profiles obtained by monitoring the potential of the cathode (using the Li/Cu

reference) clearly indicate that the maximum voltage achieved by the positive elec-

trode during the charge step decreased monotonically with an increase in C-rate

(Figure 3.10d), transitioning from 4.479 V vs Li/Li+ at C/25 to 4.345 V vs Li/Li+ at

6C. In addition to indicating that less lithium is extracted from the cathode during the

charge process at higher rates [268], this behavior also implies that the anode achieves

correspondingly lower potentials during charge: at a full-cell cutoff equal to 4.39 V,

the anode achieved 0.089 V vs Li/Li+ at C/25, and -0.045 V vs Li/Li+ at 6C (Fig-

ure 3.11a); this latter voltage is low enough to induce plating of lithium metal over

the graphite anode (Figure 3.11b). According to the anode profiles (Figure 3.11a),

constant-current charging rates as high as 2C can be safely implemented in NCM523

vs graphite cells with this particular composition and physical properties; a rate in-

crement to 4C suffices to drive the potential below 0 V vs Li/Li+ at latter stages of
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Figure 3.10 : Rate capability: a) full-cell charge-discharge profiles recorded at the
indicated C-rates; b) charge and discharge capacities achieved at different conditions.
Note that a constant-voltage step was implemented after each charge or discharge,
so the recorded capacities were independent of the previous rate history of the cell;
c) discharge-to-charge capacity ratio. Discharge capacity was consistently higher at
high power; d) cathode potentials in a NCM523 vs graphite full-cell cycled at different
rates. The maximum voltage experienced by NCM523 decreases at higher currents.

charging, potentially triggering bulk deposition of lithium metal∗.

Interestingly, the information displayed in this section shows that a significant

portion of the lithium plated on the anode is actually able to engage in reversible

∗Note that lithium plating can in theory occur even at slower rates, as the potential can be locally

driven to favorable values by fluctuations in the Li+ concentration at the vicinity of the anode [285].

The measurements reported here are actually only able to diagnose a state in which deposition

of metallic lithium is favored over intercalation of Li+ into graphite in the bulk of the anode - a

worst-case scenario.
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Figure 3.11 : Tracking plating phenomena: a) anode potentials in a NCM523 vs
graphite full-cell cycled at different rates. The dotted line, drew as a guide to the eye,
shows that lithium plating can occur when the cell is charged at rates beyond 4C;
b) photograph of the graphite anode at the end of the testing protocol. The white
spots indicate domains of electronically-detached lithium metal, covered by its solid
electrolyte interphase.

electrochemical processes, being available for reinsertion in the cathode during the

subsequent discharge. Assuming that all the charge transfer recorded when the anode

is below 0 V vs Li/Li+ is associated with deposition of lithium metal, the amount of

Li+ involved in this process can be easily inferred from Figure 3.11a, from the portion

of the curves that exist below the dotted line; the “sub-zero” capacity during charge

is 37.3 mAh g−1 at 4C, and 50.9 mAh g−1 at 6C. A final diagnostic cycle at C/25

executed after the rate capability test, however, displayed a discharge capacity of 171.2

mAh g−1, indicating that the net loss of Li+ during the entire test was only equivalent

to 15.5 mAh g−1 (the initial C/25 discharge capacity was 186.7 mAh g−1) – a value

much inferior to the overall amount of lithium cast over the anode in its elemental

form. Under the testing conditions, irreversible capacity loss can be expected to arise

from Li+ trapping in films developed on highly reducing surfaces (as lithiated graphite

and lithium metal) [196]; assuming that the anode’s SEI is fairly stable during the

timescale of the experiment, the 15.5 mAh g−1 carries a major contribution from the



164

spontaneous electro-reduction of electrolyte on the fresh lithium surface. The bulk

of the Li is isolated from the solvent by a newly-formed layer, and can be oxidized

during the ensuing discharge, replenishing the cyclable Li+ pool available in the cell.

Considering that irreversible capacity loss at high rates can also occur due to breakage

on the cathode active material’s particles [286, 287, 288], the amount of lithium loss

due to plating is perhaps even smaller.

Cell impedance did not vary significantly over the course of the experiment (Fig-

ure 3.12). The contribution of the anode to the overall resistance remained invariant,

showing that the deposition of Li metal over graphite (and the construction of an

associated SEI) did not affect electrode resistance. The limited impedance rise de-

tected in the cell originated at the cathode; although particle cracking can contribute

to this observation, it is likely related to surface evolution at the active material in the

positive electrode. Section 4.2 will take an in-depth look at impedance phenomena

in cathodes at high voltages.

Figure 3.12 : Impedance evolution: area-specific impedances as a function of full-cell
voltage before and after the rate capability test. The use of a reference electrode
allows the evaluation of the contributions of the anode and the cathode to the cell
resistance. Lithium plating had very limited influence on impedance.
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3.2.5 Outlook

The preliminary work described in this section demonstrates that many of the chal-

lenges associated with the metrology of electrode potentials can be combated through

the rational design of electrochemical cells and reference electrodes. The elevated duc-

tility of copper allows very thin wires to be fabricated, which are minute enough to

be positioned in between the electrodes, with minimal interference to cell operation.

In situ deposition of a thin layer of metallic lithium onto the copper wire is the

most effective way of producing the reference electrode, and led to measurements of

electrode potentials that were both exact (as it agrees with the reported equilibrium

values for plateaus in graphite and LTO) and precise (as multiple measurements in

various cells provided a similar result). This initial validation constitutes a valuable

contribution to the nascent activities of Argonne National Laboratory in developing

Li-ion cells able to endure extreme fast charging: it provides a necessary tool for the

diagnostic studies of electrochemical phenomena at high power, while also generating

reliable information that can serve as input in mathematical models. Although the

deposition of lithium to form the reference electrode needs to be optimized to extend

its service life (currently of ∼2 weeks per deposition cycle, as Li is slowly consumed

by reactions with the electrolyte), the results highlighted here demonstrate that this

system can already be extremely useful in its current form.
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Chapter 4

Undercover Challenges in High Energy Batteries

Storing energy is the very purpose of any battery. The amount of useful work sup-

plied by the cell can fundamentally be improved by engineering its components to

function at higher voltages, or by increasing the amount of charge accumulated in

each electrode. This chapter explores critical ramifications of the adoption of mate-

rials or operating conditions that contributes to extend the energy density of Li-ion

cells.

Section 4.1 describes how the silicon nanoparticles used in high-capacity-anodes

are susceptible to hydrolysis during electrode fabrication, which may cause the release

of copious amounts of flammable H2 gas; a method to quantify the extent of gassing is

outlined, and strategies to minimize reactivity are proposed. In section 4.2 we reveal

yet another intricate effect related to gases; careful electrochemical and structural

analysis suggest that the anode’s ability to produce gases during cell operation may

determine the rate with which the cathode’s impedance will increase when exposed

to high voltages.

4.1 Reactivity and gas generation during silicon-electrode

fabrication

The content of this section is currently being considered for publication by the Journal

of Power Sources, in the form of the manuscript “Rodrigues et al., Quantifying Gas
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Generation from Slurries used in Fabrication of Si-Containing Electrodes for Lithium-

ion Cells”.

This project was executed at Argonne National Laboratory, under the supervision

of Dr. Daniel Abraham, and in collaboration with I. Shkrob and S. Trask.

4.1.1 Motivation

Silicon possesses a very high specific capacity for lithium, and can significantly con-

tribute to improvement of the energy density in Li-ion batteries [289, 290]. This

storage ability, however, comes at the expense of large volume changes in the mate-

rial ( 300%), creating problems in maintaining the mechanical integrity, the electronic

connectivity, and the electrochemical passivation of the silicon particles. This concern

can be alleviated by the incorporation of polycarboxylate binders into the electrode,

as their strong bonding with the Si particle surface [291], structural rigidity and high

tensile strength [292], and negligible swelling in the electrolyte, assist in maintaining

good cohesion in the electrode during the cell cycling [293].

Due to the poor solubility of ionized polycarboxylates in organic solvents, the

use of lithiated polycarboxylate binders such as carboxymethyl cellulose (CMC) and

poly(acrylic acid) (PAA) for electrode fabrication requires aqueous processing of the

materials as slurries. After fabrication, the water introduced into the electrode matrix

from these slurries is removed by heating the electrode in a vacuum oven. Unfortu-

nately, this process is unable to completely prevent undesired moisture from being

carried into the cell [294], where hydrolysis of LiPF6 (that is used as the electrolyte

salt) releases corrosive hydrofluoric acid that consumes silicon during electrochemi-

cal cycling. Furthermore, in the course of this aqueous processing, elemental silicon

(which is a strong reducing agent) can undergo reaction 4.1:
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Si+ 2H2O → SiO2 + 2H2 ↑ (4.1)

that yields hydrogen gas as a byproduct. While several studies have considered

this reaction as a path to achieving in situ water splitting [295, 296, 297], the con-

tinuous gassing can result in defective coatings during electrode fabrication [298].

More importantly, the evolution of hydrogen into the head space of slurry-mixing

containers poses safety hazards [299], as H2 is a highly flammable gas that is explo-

sive when mixed with air. These process complications and safety hazards need to be

adequately addressed when developing scalable technologies: the gas evolution needs

to be quantified and its phenomenology needs to be understood before large batches

of active materials are used.

The development of high-performance silicon-containing electrodes for lithium-

ion cells is an important focus area for the Cell Analysis, Modeling, and Prototyping

(CAMP) Facility at Argonne National Laboratory. The extent of gassing during

the preparation of silicon electrode slurries is an important consideration, both from

an electrode quality and laboratory safety perspective. Here, we examine the dy-

namics of gas evolution from silicon hydrolysis employing a simple method that uses

the Archimedes’ principle [300]. Our results suggest that lithiated polycarboxylate

binders have a catalytic effect on the H2 generation and that certain surface coatings

on silicon particles can considerably reduce this undesired gas evolution.

4.1.2 Materials & methods

The silicon powders were obtained from Nanostructured & Amorphous Materials,

Inc. (NanoAmor) and Paraclete Energy Inc. The NanoAmor silicon was produced

by plasma enhanced chemical vapor deposition, and presented spherical primary Si
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particles with diameters of 30-50 nm, resulting in a surface area of 70-80 m2 g−1.

The samples from Paraclete Energy Inc. were produced by milling and contained Si

particles with a larger mean diameter (∼150 nm, 30 m2 g−1 surface area). The three

Paraclete samples presented different surface structures (hereafter we label these ma-

terials as suggested by the manufacturer): carbon coated (nSi/C, 3 wt% carbon),

graphene coated (nSi/Cg, 10 wt% graphene) and silicon dioxide (nSiO). Poly(acrylic

acid) and lithiated PAA with different extents of proton exchange (LiPAA20% and

LiPAA80%, according to the mole fraction of H+/Li+ substitution) are macromolecu-

lar binders commonly used in Si-containing electrodes [301]. PAA was obtained from

Sigma-Aldrich (Mv 450,000). LiPAA was prepared by titration of PAA with 1 M

LiOH in an aqueous solution [290]. Deionized (DI) water (with the resistivity of 18

MΩ cm) for aqueous slurries and dry N-methyl-2-pyrrolidone (NMP, Sigma-Aldrich)

for nonaqueous slurries were used as solvents.

The sequence of steps involved in the gas quantitation experiments is depicted

in Figure 4.1. The slurries contained 2 g dry materials (that is, silicon and binder,

when the latter was present) in 16-20 g batches, so there was ∼10 wt% of Si powder.

When a binder was used, it constituted ∼2.5 wt% of the mixture. The slurries were

homogenized at 2,000 rpm using a planetary mixer (Thinky) in cups containing two

ZrO2 balls (10 mm diameter), first in a pre-mixture step (1.5 min), followed by 3 min

of final homogenization. About 2 g of the slurry was transferred into a pre-weighed

pouch bag (xx3450 format, 3.5 mm thickness), which was then partially evacuated (5

s), and sealed [301]. These steps yielded hermetic pouches with the desired buoyancy.

Volume changes were monitored using a Sartorius YDK03 Density Determination

Kit coupled to a Practum analytical balance, with deionized water serving as the

immersion medium. Detergent was added to reduce the interference of surface tension
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Figure 4.1 : Sequence of steps for the quantitation of gas evolution by the Archimedes
method.

on the buoyancy measurements, and the water was replaced every 30-48 h to remove

evaporation effects. Because the final specific gravity of the pouch bags was < 1.0

g mL−1, a pouch holder was used to keep the samples fully submerged. The bath

temperature (21-25.5 oC) was measured to ±0.1 oC using a digital thermometer; these

variations were taken into account and used to correct the measured volume. The

volume changes were normalized by the amount of silicon contained in the bag. Pouch

bags containing the neat solvents displayed negligible volume changes even after 300

h. Four independent measurements of two pouch bags containing ∼5.2 mL water

resulted in standard deviations ∼2 µL (< 0.04%), providing an estimate for the lower

detection limits; this corresponds to ∼10 µL g−1
Si in a typical experiment. The time

lapse after the final mixing and the first measurement (taken as zero time) was < 15

min.
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The proticity of the slurries was determined using a portable meter kit from

Oakton Instruments. The instrument was calibrated using three pH standards (pH

3.0, 7.0, and 10.1) before each measurement. The chemical composition of gases

generated in the pouch was determined using a Pfeiffer OMNI Star GSD230 Residual

Gas Analyzer with a QMG220 Quadrupole Mass Spectrometer (MS) and Secondary

Electron Multiplier. A calibration standard, containing hydrogen (2.99%), oxygen

(2.03%), nitrogen (2.00%), and argon (1.02%) in helium, was examined before each

measurement to make sure that the instrumentation was functioning properly. The

electrochemical tests were conducted at 30 oC using a MACCOR Series 4000 test

unit [301]. Stainless steel based 2032-type coin cells were used to test electrodes

containing the various Si powders (along with 73 wt% MagE graphite, 2 wt% C45

carbon and 10 wt% LiPAA80% binder) in cells with a Li-metal counter electrode and

an electrolyte containing 10 wt% FEC added to a solution of 1.2 M LiPF6 in EC:EMC

(3:7, w/w); LiPF6 is lithium hexafluorophosphate, EC is ethylene carbonate and EMC

is ethylmethyl carbonate.

4.1.3 NanoAmor 30-50 nm Si particles in solutions without Li+ ions

The volume evolution of pouch bags containing the NanoAmor silicon exposed to

either water or NMP solutions is shown in Figure 4.2a. For the deionized water,

there was a continuous ballooning of the pouch bag, amounting to ∼12 mL g−1
Si after

102 h, while the NMP sample exhibited a slight deflation. The divergent behavior is

rationalized by reaction 4.1, which obviously requires water as a reagent. The volume

of the evolved gas is expected to correspond to the amount of H2 generated in this

reaction. Residual gas analysis (for example, Figure 4.2c) confirmed the presence of

gaseous hydrogen in the pouch bag.
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Figure 4.2 : Volume change of pouch bags containing (a) deionized water and NMP
slurries, with and without 2.5 wt% PAA and (b) aqueous slurries with PAA and
LiPAA (the extent of lithiation is indicated in the plot). (c) Example of data from the
gas analysis experiments showing H2 as a dominant component. (d) Pouch containing
the LiPAA80% slurry (shown in c) after 120 h. The NanoAmor silicon particles (30-50
nm) was used for all these experiments.

For NMP, the deflation can be attributed to the consumption of residual oxygen by

silicon. As described in the experimental section, the pouch bags were only partially

evacuated before sealing, and the residual oxygen gas trapped inside can slowly oxidize

silicon. The transport of O2 through the native silica layer on the surface of the

nanoparticles can be rapid depending on the structure of this layer [302]. In our

case, however, it is likely that the uptake kinetics are limited by the solubility of O2

in the slurry, as opposed to the diffusion through this coating. Because all systems

investigated in this study went through the identical degassing protocol before sealing,
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Table 4.1 : Summary of the net volume variation experienced in the initial 5 hours
by pouch bags containing aqueous slurries.

Silicon particles Polymer binder mol % of H+/Li+ ∆V after 5 h
substitution in PAA (mL g−1

Si )

NanoAmor

None (DI water) - 1.9

PAA 0 1.3

PAA 20 4.9

PAA 80 27.2

Paraclete nSi/Cg PAA 80 2.6

Paraclete nSiO PAA 80 0.5

Paraclete nSi/C PAA 80 -0.03

we expect the concentration of residual oxygen to be similar for all our samples. As

seen from Figure 4.2a, in the aqueous slurries, the H2 evolution is many times greater

than this O2 consumption, so the latter can be neglected; note that in a production

facility, some air is always dissolved in the aqueous solutions.

Figure 4.2a also shows gas evolution with 2.5 wt% PAA present in the solvent.

The same trends are observed in these PAA solutions as in the neat solvents, although

the volume change is somewhat smaller. In the aqueous slurries, the gas evolution is

more rapid at the beginning of the reaction. During the first hour, the pouch bags

expanded linearly in time, at rates of 0.79 mL g−1
Si h−1 (DI water) and 0.45 mL g−1

Si h−1

(PAA solution). At longer measurement times, the gas evolution gradually becomes

slower without quite reaching the zero. Henceforth, we will consider the initial part

of the kinetics (< 5 h), as this time period corresponds to the typical duration of

electrode fabrication at our facility (Table 4.1).
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4.1.4 NanoAmor 30-50 nm Si particles in aqueous LiPAA solutions

Prelithiation of polycarboxylate binders has been reported to considerably improve

electrochemical performance of Si and Si-graphite electrodes [290]. The proton ex-

change by Li+ ions minimizes the extent of electrochemical reduction of the residual

-CO2H groups during the first lithiation, improving coulombic efficiency and reducing

H2 release in the formation cycles [303]. Additionally [290], this lithiation disrupts the

H-bond network in the PAA, reducing coiling of the polymer chains and improving

their adhesion to the particles.

However, Figure 4.2b indicates that this lithiation also markedly increases the rate

of gassing from the Si slurries, and this effect is proportional to the extent of PAA

lithiation. Table 4.1 shows that the net volume expansion after 5 h is maximum for

LiPAA80%, with the release of over 27 mL g−1
Si . To put these estimates in perspective,

at our fabrication facility, slurries for Si-graphite composite anodes are prepared in

batches of ∼40 g of silicon, which would generate 1 L of gas during the electrode

fabrication. This estimate exemplifies the scale of the problem that gas evolution can

present to the production. The gas evolution is amplified by time as seen from Figure

4.2d, which shows the image of a ballooned pouch containing the LiPAA80% slurry

(with the NanoAmor 30-50 nm Si particles) after 120 h.

4.1.5 Paraclete Energy Si particles in aqueous LiPAA solutions

Silicon from Paraclete Energy consists of primary particles that are three times larger

than the material obtained from NanoAmor, and have carbon (nSi/C), graphene

(nSi/Cg) or SiO2 (nSiO) coatings. The volume changes for these silicon materials in

the aqueous LiPAA80% slurries are summarized in Table 4.1 and shown graphically

in Figure 4.3. Among these three types of silicon particles, nSi/Cg shows the fastest
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change in volume. Even for this material, however, the volume change after 5 h was

∼1/10 of the one observed for the NanoAmor silicon (Figure 4.3, dashed line). Thus,

larger Si particles (with their lower specific surface) appear to generate hydrogen at

a lower rate. Furthermore, nSi/Cg-coated particles yielded ∼3 times more H2 than

the oxide-protected material (nSiO), while carbon-covered particles yielded negligible

amounts of gas (Table 4.1).

Figure 4.3 : Gas evolution from aqueous slurries containing LiPAA80% and silicon
particles from Paraclete Energy with different surface coatings: graphene for nSi/Cg,
silicon oxide for nSiO, and carbon for nSi/C. The gas evolution for the NanoAmor
silicon (the same slurry constitution) is shown for comparison.

4.1.6 Silicon particles in alkaline solutions

In these experiments, ∼2 mL of aqueous lithium hydroxide (pH 10) was added to

∼50 mg of Si, and Figure 4.4 illustrates what happens when this alkaline solution

reacts with the different silicon particles. The NanoAmor silicon reacted immediately

upon contacting the LiOH solution, profusely gassing and foaming, and the reaction

completed in 1 min. The graphene-coated sample from Paraclete also reacted rapidly,
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forming a frothy mass that escaped the glass vial. For the nSiO sample, the reaction

completed after ∼17.5 minutes, yielding a spongy mass of undigested particles. In

contrast, little change was observed for the nSi/C powder, even after 2 h. These

behaviors (in the extreme conditions of highly basic solutions) follow the trends for

H2 evolution in LiPAA slurries shown in Table 4.1, suggesting the commonality of

the chemistry despite the lower pH in the latter slurries. Additionally, this simple

experiment demonstrates the dramatic effect of protective coatings on the rate of Si

hydrolysis.

Figure 4.4 : Effect of LiOH addition (pH 10) to the silicon particles in the glass
containers. The top row shows the samples immediately after the contact with the
alkaline solution (see the sample labels above), while the bottom row illustrates the
outcome of the reaction after the specified time (see the sample labels below).
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4.1.7 Electrochemical testing data from half-cells

Representative electrochemical test data from half-cells containing the various Si ma-

terials are presented in Table 4.2. Specific capacity and columbic efficiency (CE)

values for the 1st and 2nd cycles are shown; the specific capacity is calculated based

on the combined weight of Si, graphite, and C45 carbon. The 1st cycle lithiation (L)

and delithiation (D) capacities of the NanoAmor Si electrode are 713 and 646 mAh

g−1, respectively, which yields a CE of 90.6%; the CE increases to 98.0% during the

2nd cycle, which shows a D value of 682 mAh g−1. Both 1st and 2nd cycle specific

capacities are higher for the Paraclete samples, possibly because the larger (150 nm)

Si particles are better connected to the electron conduction network than the smaller

(30-50 nm) NanoAmor particles. Furthermore, the 2nd cycle delithiation capacity of

nSi/C (795 mAh g−1) is higher than that of nSiO (733 mAh g−1), suggesting that

the carbon-coating enhances electronic connectivity to the current collector; the lower

nSiO capacity could also be from the higher amount of (inactive) SiO2 at the particle

surfaces. More importantly, the data indicates that the carbon coating on Si parti-

cles not only hinders the generation of hydrogen gas but may also improve electronic

connectivity of the Si particles in the electrode.

Table 4.2 : Lithiation (L) and Delithiation (D) capacities and columbic efficiency (CE)
values from various half-cells; each data point is the average value from multiple cells.

Silicon
1st cycle 2nd cycle

L, mAh g−1 D, mAh g−1 CE, % L, mAh g−1 D, mAh g−1 CE, %

NanoAmor Si 713 646 90.6 696 682 98.0

Paraclete nSiO 763 717 94.0 756 733 97.0

Paraclete nSi/C 828 765 92.4 817 795 97.3
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4.1.8 Discussion

The theoretical yield of hydrogen in reaction 4.1 is ∼1.7 L g−1
Si . However, given that

the layer of silica hydrogel that is formed in this reaction on silicon serves as a barrier

to further hydrolysis, the actual yield of hydrogen is much lower, as it is limited by

water permeation through the protection layer. In other words, reaction 4.1 rapidly

becomes self-limited, as a thicker coating slows down the water diffusion. On the

other hand, any destabilization of this protective layer can result in accelerated Si

consumption. This destabilization occurs in basic solutions (where the silicates can

dissolve), as the solubility and porosity of the silica hydrogel greatly increase under

these alkaline conditions [295, 298]. This chemistry is even used to generate hydrogen

gas from the aqueous Si nanoparticles [295, 296, 297]. At 23 oC, water molecules per-

meate through wet silica with a diffusion coefficient of ∼0-17 cm2 s−1 [304]. Assuming

an initial thickness of ∼1-2 nm SiO2 on the Si [289, 298], the corresponding diffusion

time would be ∼15-60 min. Thus, thinning of the silica gel layer by hydrolytic dis-

solution and water diffusion through this thinned layer can occur on the same time

scale, which makes it difficult to disentangle these two processes.

PAA and LiPAA slurries typically have pH between ∼2.5 and ∼6.5. In this

range, the silicic acid (H4SiO4) is the dominant soluble species in equilibrium with

the silica gel (∼200 ppm at 25 oC) [305]. Using the speciation tables, we estimate that

the change in dissolution would be too small to account for the observed difference

between the PAA and LiPAA based on pH of the solution only (Figure 4.5a). This

consideration suggests heterophase catalysis of reaction 4.1 on the surface by LiPAA

but not PAA.

The occurrence of catalysis can be rationalized through the formation of ester

bonds between the carboxylate groups of the polymer and the surface silanol groups
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Figure 4.5 : a) Gas evolution (after 5 h) as a function of pH for aqueous NanoAmor
slurries containing different binders; b) Contrasting the ester linking of PAA and
LiPAA. For the lithiated polymer, the formation of LiOH accelerates the dissolution
of the silica hydrogel, facilitating the hydrolysis of Si.

on the particles [291]. This esterification is responsible for the adherence between

the polymer chains in the binder and the particles, and it is also observed for other

polycarboxylate binders [306, 307, 308]. It can be particularly efficient for the silica

hydrogel, as silanol groups are abundant in this hydrated material [309, 310]. As illus-

trated in Figure 4.5b, the esterification of LiPAA releases LiOH, which can hydrolyze

silica hydrogel near the surface, shifting the overall reaction equilibria and making the

esterification self-sustaining. The resulting thinning of the protective hydrogel layer

accelerates the mass transport of water, increasing the rate of H2 gas evolution. In

contrast, the esterification of PAA yields water, which does not assist in dissolution

of the protective layer.

In spite of the more extensive gassing, Si and Si-graphite electrodes fabricated

from the LiPAA slurries are reported to exhibit electrochemical performance superior

to the ones fabricated using PAA [290]. We note that the consumption of silicon

during this gassing reaction is relatively small, while the freshly formed protective
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hydrogel layer is relatively thin. Artificial thickening of the SiO2 coating on the

silicon nanoparticles has been studied as an alternative to limit outgassing during the

initial electrode cycling [289, 298]. In certain cases, this oxide layer even improves

capacity retention and rate capability of the electrode [289]. Less H2 evolution was

observed by us for the nSiO sample that has a thick oxide layer (Figure 4.3), while a

carbon coating (possibly due to the formation of the less hydrolysable silicon carbide

on the surface) appears to have completely prevented the H2 evolution.

4.1.9 Outlook

Silicon becomes reactive in alkaline solutions, as the base continuously dissolves the

protective silica hydrogel layer on the surface, while the silicon core is oxidized by

water diffusing through this layer via reaction 4.1. Here we report that similar hy-

drolysis occurs for Si nanoparticles in aqueous slurries that are used for fabrication

of Si-containing electrodes for Li-ion batteries. The extent of this reaction (and the

evolution of H2) strongly depends on the degree of lithiation in the polycarboxylate

binder, which is most likely due to coupling of reaction 4.1 with the esterification

of silanol groups on the hydrogel surface, as illustrated in Figure 4.5b. While this

reaction does not appear to adversely change the electrochemical performance of the

fabricated electrodes, it results in the evolution of hydrogen gas, which indicates that

safety precautions need to be taken when large batches of Si nanomaterials are pro-

cessed. Our experiments suggest that coating of silica nanoparticles with carbon (or

thicker oxide layers) can considerably reduce this H2 evolution or even prevent it

completely. No H2 evolution was observed in the organic (NMP) slurry.

The proposed testing protocol based on the Archimedes’ principle provides an easy

route to evaluate the reactivity between the active materials, solvents, and binders.
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Although we expect electrochemical performance to be the ultimate criterion for ma-

terials selection, we hope that our study will foster greater awareness of the inherent

hazards of aqueous processing of Si nanoparticles, and the necessity of addressing

these hazards before scaling up production.
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4.2 Anode-dependent impedance evolution in layered oxide

cathodes

The content of this section is part of an ongoing investigation, and may be included

in a future publication.

This project was executed at Argonne National Laboratory, under the supervision

of Dr. Daniel Abraham and in collaboration with I. Shkrob, K. Kalaga and S. Trask.

4.2.1 Motivation

Ni-rich cathodes, such as NCMxyz (LiNix/10Coy/10Mnz/10O2 with x+y+z=10) [311,

260, 312, 313] and Ni-Co-Al materials, can be operated above 4.0 V vs. Li/Li+

to achieve high energy density in Li-ion batteries (LIBs). However, these materials

tend to lose reversible lithium capacity during continuous cycling (referred to as the

”capacity fade”) [314] and there is also an increase in the impedance (referred to as the

”impedance rise”) which is mainly due to irreversible transformations in the cathode

material. The impedance rise occurs both during cycle-life and calendar-life aging of

the cell. Part of this instability is the high-voltage operation itself: above a certain

potential (4.2-4.3 V vs. Li/Li+), oxidation of the typical carbonate electrolytes on

the energized cathode surface becomes substantial. Compounding problems are (i)

the mechanical stress in the cathode material as it is lithiated and delithiated (which

causes fracturing of polycrystalline grains) [315, 316] and (ii) the loss of lattice oxygen

and the formation of the rock-salt cubic and/or spinel phases in the subsurface regions

[311, 317, 318]. While such regions are thin, slow migration of Li+ ions through these

regions can considerably increase the resistance.

Whatever electrode processes contribute to the impedance rise these are inherently
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cathode processes that should not depend directly on electrochemical reactions on the

anode. In this study, the cathode materials were paired with graphite (Gr) or lithium

titanate (Li4Ti5O12, LTO). During calendar-life aging of these cells, the impedance

rise in the LTO cells was significantly faster than in the Gr cells. Stranger still, this

difference disappears when gases (generated in decomposition of the electrolyte during

formation cycles) are vented before the calendar-life aging. Thus, the chemistry in

the Gr and LTO cells is sufficiently different to indirectly affect the impedance rise

in the cathodes. Here we document these differences and speculate on their possible

causes. The phenomena described here relate to other examples of electrode ”cross-

talk” recently reported by Dahn and co-workers [319, 320].

4.2.2 Materials & methods

Cell materials: The electrodes in our experiments were fabricated at the Cell Anal-

ysis, Modeling and Prototyping (CAMP) Facility, Argonne National Laboratory (Ar-

gonne). The composition and general properties of the electrodes are summarized in

Table 4.3. Either LiNi0.8Co0.1Mn0.1O2 (NCM811), LiNi0.5Co0.2Mn0.3O2 (NCM523), or

LiNi0.8Co0.15Al0.05O2 (NCA) was used as the active material in the positive electrode;

the oxide powder was mixed with 5 wt% PVDF binder and 5 wt% C45 carbon black

and coated on an aluminum current collector. Either graphite (Gr) or Li4Ti5O12

(LTO) electrode was used as the active material in the negative electrode. The

graphite powder was mixed with 6 wt% PVDF binder and 2 wt% C45 carbon black

and coated on a copper current collector. The Li4Ti5O12 powder was mixed with 8

wt% PVDF binder and 5 wt% C45 carbon black and coated on an aluminum current

collector. In this article, the graphite-containing and Li4Ti5O12-containing cells are

referred to as the Gr and LTO cells, respectively. The electrochemical cells also con-
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tained Celgard 2325 separators, and the 1.2 M LiPF6 in ethyl carbonate (EC): ethyl

methyl carbonate (EMC), (3:7 w/w) electrolyte.

Cell assembly: Prior to cell assembly, 20.3 cm2 disks were punched from the

electrode laminates and dried for 12 h at 120 oC in a vacuum oven. The electrochemi-

cal tests were carried out using custom made cells [279] discussed elsewhere [321, 268].

The cells included a reference electrode between two layers of separator sandwiched

between the positive and negative electrodes and ∼1.2 mL electrolyte. The reference

electrode was either a tin-coated copper wire (25 µm dia.) that was lithiated in situ

to form a LixSn alloy, or a copper wire (25 µm dia.) that was plated with lithium to

form a Li-metal reference that was used to determine electrode potentials (see section

3.2). Both types of reference wires had ∼2 mm metal exposed at the tip, while the

rest was covered with a polyurethane coating; capacity loss from reference electrode

lithiation was negligible compared to the active capacity of the cells.

Electrochemical testing: The test protocol (Figure 4.6) contained a series of

electrochemical cycles and potentiostatic holds, followed by impedance measurements

with the hybrid pulse power characterization (HPPC) test [321] and electrochemical

impedance spectroscopy (EIS). All tests were performed at 30 oC. The cycling and

HPPC tests were conducted with a Maccor Model 2300 battery test system and EIS

measurements with a Solartron Analytical 1470E cell test system. The electrochemi-

cal cycles consisted of two ∼C/10 rate and one ∼C/25 cycles, where the C/1 rate was

defined as 1.52 mA cm−2 for all cells. The Gr cells were cycled between 2.0 and 4.39

V, while the LTO cells were cycled between 1.55 and 2.92 V. The upper cutoff voltage

(UCV) for cycling was chosen such that the positive electrode potential during the

potentiostatic hold was similar (∼4.48 V vs. Li/Li+, as shown later) for the Gr and

LTO cells.
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Table 4.3 : Cell materials.

Cathode

NCM811

90 wt% Li1.0(Ni0.8Co0.1Mn0.1)O2 (Targray)

5 wt% C45 (Timcal)

5 wt% PVdF (Solef 5130, Solvay)

Al current collector (20 µm)

Coating thickness: 32 µm

Porosity: 36.3%

Total coating loading: 8.3 mg cm−2

Cathode

NCM523

90 wt% Li1.03(Ni0.5Co0.2Mn0.3)0.97O2 (TODA)

5 wt% C45 (Timcal)

5 wt% PVdF (Solef 5130, Solvay)

Al current collector (20 µm)

Coating thickness: 34 µm

Porosity: 33.5%

Total coating loading: 9.2 mg cm−2

Cathode

NCA

90 wt% LiNi0.8Co0.15Al0.05O2 (TODA)

5 wt% C45 (Timcal)

5 wt% PVdF (Solef 5130, Solvay)

Al current collector (20 µm)

Coating thickness: 33 µm

Porosity: 35.3%

Total coating loading: 8.8 mg cm−2

Anode

Gr

91.8 wt% graphite (CGP-A12, Philips 66)

2 wt% C45 (Timcal)

6 wt% PVdF (KF-9300, Kureha)

0.17 wt% oxalic acid

Cu current collector (10 µm)

Coating thickness: 44 µm

Porosity: 38.4%

Total coating loading: 5.9 mg cm−2

Anode

LTO

87 wt% Li4Ti5O12 (Samsung)

5 wt% C45 (Timcal)

8 wt% PVdF (KF-9300, Kureha)

Al current collector (20 µm)

Coating Thickness: 102 µm

Porosity: 55.6 %

Total coating loading: 14.10 mg cm−2

Separator
Celgard 2325 (PP/PE/PP)

Thickness: 25 µm; Porosity: 39%

Electrolyte
1.2 M LiPF6 in 3:7 wt/wt ethylene

carbonate:ethylmethylcarbonate (Gen2)

(Tomiyama, Inc.)
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Figure 4.6 : The testing protocol. Each formation/diagnostic block includes two
cycles at a C/10 rate and one cycle at a C/25 rate, followed by EIS spectroscopy (at
3.9 V vs Li/Li+, which corresponds to SOC ∼50%) and a HPPC cycle. Calendar
aging (potential hold at the set UCV) was segmented in two 100 h periods and one
200 h period to a total of 400 h. The three 2x C/10 + C/25 cycles before the potential
hold are referred to as the formation cycles 1 to 3 and the three cycles immediately
after calendar aging are referred to as the diagnostic cycles 1 to 3.

For HPPC tests, the cells were charged at a C/3 rate to the UCV, held there

until the current decreased to < C/20, and then exposed to rectangular 10 s long

discharge/charge current pulses at a 3C rate. These pulses were repeated nine times

at intervals corresponding to 10% of the total cell capacity, to probe a range of states-

of-charge (SOC). The cells rested at open circuit for 1 h prior to the application of the

discharge pulse, and for another 40 s before a 3C charge step. Details of this HPPC

technique and data analysis are reported in ref. [321] and section 3.2.2. EIS data were

obtained by adjusting the cell voltage so that the positive electrode potential was ∼3.9

V vs Li/Li+. The cells were held at this voltage for 12 h before the measurements were

conducted using a 5 mV a. c. voltage amplitude in the frequency range 105 to 10−2
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Hz. Three impedance spectra were collected in succession, recording the response of

the full cell (positive vs. negative), positive electrode (vs. reference) and negative

electrode (vs. reference), respectively.

Electrolyte and electrode characterization: After completion of the electro-

chemical tests, the cells were discharged at a ∼C/50 rate to the lower cutoff voltage

(LCV), so that all the remaining cyclable lithium-ions were reinserted into the cath-

ode. The cells were then disassembled in an argon-atmosphere glovebox and their

contents (electrodes, electrolyte and separator) were stored for further analysis. The

extracted electrolyte was mixed with 1:20 v/v anhydrous CD3CN; these solutions were

examined using a Bruker Avance III HD 300 MHz nuclear magnetic resonance (NMR)

spectrometer. 19F and 31P NMR spectra were obtained, which show resonances from

the PF−
6 and PO2F−

2 anions in solution. By integrating these resonance lines, the

mole fraction of the fluorophosphates anion in the electrolyte can be found. Sections

of the negative electrodes (Gr or LTO) were analyzed using a Perkin Elmer/Sciex

ELAN DRC-II inductively coupled plasma mass (ICP-MS) spectrometer as described

in ref. [288]. Concentrations of transition metal (TM) ions (Ni, Co, and Mn) were

obtained. To facilitate comparison between the electrodes, area specific elemental

abundances are given in units of ng cm−2.

X-ray diffraction (XRD) patterns of harvested cathodes (from cells discharged at

a ∼C/50 rate) were obtained using monochromatic synchrotron radiation with λ =

0.412664 Å at beam line 11BM of Argonne’s Advanced Photon Source. The electrode

coatings were rinsed with dimethylcarbonate (DMC), then gently removed from the

current collector and loaded into sample vials for examination. Peak positions were

analyzed using the CMPR suite by fitting the peaks to prescribed line shapes [322]

and the unit cell was indexed using the TREOR program [323]. X-ray photoelectron
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spectroscopy (XPS) data were also obtained on DMC-rinsed cathodes samples with

a Kratos Axis Ultra X-ray photoelectron spectrometer with monochromatic Al Kα

(1486.6 eV) radiation as the primary excitation source. Peak fits were performed

using the Shirley background correction and Gaussian-Lorentzian curve synthesis,

and binding energies were corrected using the C1s peak from carbon particles at 285

eV.

4.2.3 Initial potential profiles and capacities from the NCM811 cells

The full-cell voltage and individual electrode potential profiles during formation cycles

of the NCM811/LTO and NCM811/Gr couples are shown in Figures 4.7a and 4.7b,

respectively. For the LTO cell (Fig. 4.7a) when the voltage is changed between 1.55

and 2.92 V, the positive electrode (NCM811) potential varies between 3.15 and 4.48

V vs. Li/Li+, while the negative electrode (LTO) potential remains around 1.56 V

vs. Li/Li+. For the Gr cell (Fig. 4.7b) when the voltage is changed between 2.0

and 4.39 V, the positive electrode (NCM811) potential varies between ∼3.3 and 4.48

V vs. Li/Li+, while the negative electrode (Gr) potential varies between ∼1.3 and

∼0.09 V vs. Li/Li+. The negative electrode profile shows plateaus for the graphite at

∼0.21 V, ∼0.11, and ∼0.09 V, as expected. For both couples, the positive electrode

effectively cycles between ∼3.5 and 4.48 V vs. Li/Li+, because there is negligible

capacity below ∼3.5 V vs. Li/Li+. The profiles during the 1st 100 h potentiostatic

hold are also shown in Figure 4.7. For both cells the positive potential during the

hold was ∼4.48 V vs. Li/Li+, as planned.

Cell capacity during the formation cycles is summarized in Table 4.4. Note that

all capacity values in this article are shown as mAh g−1, where g refers to grams of

the oxide in the positive electrode. For the 1st (C/10) cycle, the coulombic efficiencies
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Figure 4.7 : Voltage and electrode potential data from cells containing the (a)
NCM811/LTO and (b) NCM811/Gr couples. For both couples, the profiles to the left
show the formation (two C/10 and one C/25) cycles; the profiles to the right show
the cycle with the 1st 100 h potentiostatic hold.

of the Gr and LTO cells are 86.2% and 92.0%, respectively. The formation of a solid

electrolyte interphase (SEI) on the graphite partially explains the lower efficiency

of the Gr cell; the rest of the irreversibility can be attributed to the layered oxide

electrode. Half-cell experiments (in which electrodes are paired with Li metal) at a

C/10 rate reveal an initial inefficiency of ∼11% for NCM811, compared with ∼3% for

LTO and ∼5% for Gr half cells under the same conditions. This initial Li+ ion loss is

common for all layered oxides, and it has been attributed to a kinetic artifact due to

decreased Li+ ion diffusivity in the active material at low state-of-charge, preventing

the complete reinsertion of lithium during cell discharge [324]. Since these Li+ ions
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Table 4.4 : NCM811 cell performance during the formation cycles.
Cycle

#

Rate

C/-

Para-

meter a

Negative Electrode

Gr LTO

1 10

CC 232 239

DC 200 220

CE 86.2 92.0

2 10

CC 208 221

DC 203 219

CE 97.6 99.1

3 25

CC 208 222

DC 201 222

CE 96.7 100

a CC is the specific charge capacity (mAh/goxide);

DC is the specific discharge (mAh/goxide);

CE is the coulombic efficiency (%).

are not consumed in parasitic reactions, the capacity loss is recoverable at a slow

discharge [325]. For the 3rd (C/25) cycle, the discharge capacities of the LTO cell

(221 mAh g−1) is greater than that of the Gr cell (201 mAh g−1).

4.2.4 Individual electrode contribution to cell impedance

Part of the uniqueness of performing electrochemical tests in a 3-electrode configu-

ration is that it enables the independent investigation of the impedance evolution

at the cathode and at the anode. Such depth of information provides an invaluable

diagnostic tool, decoupling the contribution of each electrode to the overall behavior

of the battery. Figure 4.8 shows the impedance spectra of the cathode, the an-

ode and the full-cell. The green crosses represent the summation of the data points

from the positive and the negative electrodes measured at a same frequency, and the
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excellent overlap with the experimental full-cell spectrum, particularly in the high-

and mid-frequency regions, indicates a reliable response from the reference electrode.

Moreover, it is very clear that the initial impedances of the two electrodes are equally

low, an observation that is representative of all the systems investigated in this work.

Figure 4.8 : Impedance spectra of a NMC811/LTO cell after the formation cycles.
The independent contribution of the cathode and the anode (as measured with a
reference electrode) are displayed, along with the full-cell response. The full-cell
spectra is essentially the linear combination of the electrode impedances, validating
of our reference electrode measurements.

4.2.5 Impedance changes from the calendar life aging of NCM811 cells

The discharge area-specific impedance (ASI) changes, obtained from the HPPC mea-

surements, for the LTO and Gr cells and for the electrodes therein, are shown in

Figures 4.9a to 4.9f. It is evident that the cell ASI increases during the calendar

life aging, and that this increase originates at the cathode (NCM811); negligible ASI

changes are seen at the anode (Gr or LTO). Similar observations were reported by
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others [202, 326, 196] and henceforward we will focus on the cathode impedance only.

A closer look shows that the cathode ASI increase of the LTO cell is more rapid than

that of the Gr cells. For example, the cathode ASI at ∼3.9 V vs. Li/Li+, increases

by ∼28 Ω cm2 for the LTO cell but only by ∼17 Ω cm2 for the Gr cell, even though

the starting electrode is identical in these two cells.

Figure 4.10a shows the Nyquist plots for Gr and LTO cells. The initial impedances

for these cells are similar and small. As the cell ages, significant differences between

them emerge. Each Nyquist plot in Figure 4.10a includes a mid-frequency semicircle

on the right and high frequency semicircle on the left, whose respective diameters

Dmf and Dhf are shown in Figure 4.10b (to facilitate comparison, relative changes in

these parameters are shown). Both of these diameters systematically increase during

calendar aging of these cells; for the LTO cell this increase is 2.5-4 times greater

compared to the Gr cell. Dhf is commonly attributed to electric connectivity of

the active material with the conductive carbon particles and the current collector

[202, 196]. An increase in Dhf would be indicative of electrode delamination, particle

fracture, or loss of ohmic contact of the oxide particles with the electron conduction

network in the matrix. The increase in Dmf is associated with phase transitions at the

surface of the active material or deposition of products due to electrolyte breakdown

on the energized surface [202, 196, 327]. Both types of impedance change occur in

the LTO cells at a higher rate than in the Gr cells.

4.2.6 Comparing impedance changes in NCM811 cells held at different

voltages

Figure 4.11 compares the cathode ASI changes in a cell that was potentiostatically

held for 400 h at 2.92 V with those from a cell that was held for 400 h at 2.45 V;



193

Figure 4.9 : Cell and electrode ASI change (from HPPC measurements) resulting
from calendar aging of (a-c) NCM811/LTO cells and (d-f) NCM811/Gr cells. The
aging times are indicated in (c): after formation cycles (black), 100 h (red), 200 h
(blue), and 400 h (green). It is evident that the cell ASI increase arises at the positive
electrode (NCM811), with negligible changes seen at the negative electrode (Gr or
LTO).
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Figure 4.10 : a) Time progressions of Nyquist plots for the cathode in (i)
NCM811/LTO and (ii) NCM811/Gr cells during their calendar aging (see legend
for color coding of the traces); b) the relative change ∆D/Dt=0 in the semicircle di-
ameters D obtained by analysis of traces shown in panel a. Filled circles are for the
Dmf (mid-frequency) and open squares are for the Dhf (high-frequency). The solid
lines are exponential fits to the data points.

the formation (and diagnostic) cycles of the latter cell were also conducted between

1.55 and 2.45 V. After 400 h, the cathode impedance rise in the cell held at 2.45 V

(Fig. 4.11b) is very small compared to the control cell held at 2.92 V (Fig. 4.11a).

When the cell (hold) voltage is increased from 2.45 V to 2.92, the cathode potential

increases from ∼4.01 V to ∼4.48 V vs. Li/Li+. Figure 4.11b shows that the cathode

ASI increases because of this increase in potential. In fact, the cathode ASI after

this additional 100 h hold (∼42.5 Ω cm2) is comparable to the value for the control

cell held for 100 h at 2.92 V. From this experiment we conclude that the impedance

increase arises from processes at the cathode, which are accelerated at high potentials.

Processes (if any) that occur at the LTO electrode do not contribute to the significant

ASI increases seen at the cathode. Additional considerations regarding LTO’s role

will be provided later in this sub-chapter.
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Figure 4.11 : Cathode ASI for the NCM811/LTO cell that was aged at 2.92 V for
400 h (left plot), and aged at 2.45 V for 400 h, followed by aging at 2.92 V for 100
h (right plot). The impedance changes are minimal during the 2.45 V aging, but a
rapid rise is seen after the 2.92 V hold.

4.2.7 The effect of cell venting

Parasitic reactions in Li-ion cells cause evolution of gases (O2, CO2 etc.) [328]. To

evaluate the effect of these gases on the impedance rise, after the last formation cycle,

the NCM811/LTO cell was vented for 10 s (our cell design allows such venting without

disturbing the electrode stack, see ref. [268]). EIS measurements before and after this

venting showed minimal changes in the impedance, and no significant changes in the

capacity were also found. These observations suggest that the gases did not separate

into bubbles that effectively increase ASI by reducing the electrode area. In Figures

4.12a and 4.12b we compare the evolution of the cathode ASI in these vented cells

with the control cells. In the vented cells, the cathode ASI rise is lower than in

the control cells, becoming comparable to the cathode ASI increase observed in Gr

cells (Figure 4.12b). Note that the effect is especially evident after the 1st 100 h of
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aging, indicating that the venting has a clear effect on the impedance rise. From this

experiment we conclude that most of the ASI increase in LTO cells is related to the

presence of gases in these cells.

Figure 4.12 : Effect of gas venting (at t=0) on the cathode ASI rise in the
NCM811/LTO cells. a) Changes in the cathode ASI over time, in the vented and
control cells; b) comparison of the relative ASI change for the three cells indicated in
the legend.

4.2.8 Impedance changes from calendar life aging of NCM523 and NCA

cells

Figures 4.13, 4.14 and 4.15 show changes in the cathode impedance for NCM523

and NCA cells. In these cells the ASI also increases monotonically over time; for all

three cathode materials the cathode ASI increase in the LTO cells is greater than in

the Gr cells (Figure 4.13). The greatest relative increase is found in the NCM811

cells and the smallest relative increase is found in the NCA cells. EIS measurements

on the NCM523 and NCA cells (Figures 4.14 and 4.15) indicate that the increase

in Dhf (that corresponds to the electrical interconnection impedance) is a major

contributor. These data can be compared with those from NCM811 cells (Figure
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4.10a), which shows considerable increase in the Dmf . These differences are the most

striking between the three layered oxide materials.

Figure 4.13 : Relative changes in the cathode ASI during calendar aging of the
NCM811 (green), NCM523 (red) and NCA (blue) cells with Gr (dotted lines) and
LTO (solid lines) electrodes.

4.2.9 Chemical characterization of harvested cell components

In addition to electrochemical characterization, the electrodes and electrolytes har-

vested from the calendar-aged NCM cells were examined. Table 4.5 shows the quan-

tity of transition metal (TM) ions at the negative electrode before and after 400 h

life aging. It is evident that the TM content increases after the 400 h aging; the

difference is considerably greater for the NCM523 cells than for the NCM811 cells,

but no great difference is found between the Gr and LTO cells. For the Gr cells, the

significant concentration of TM elements (especially Mn) at the negative electrode
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Figure 4.14 : Nyquist plots for the cathode in (i) NCM523/LTO and (ii) NCM523/Gr
cells after formation cycling and after calendar aging (see the legend for color coding
of the traces). Aging increases the width of both the high and mid-frequency arcs;
after 400 h, the high-frequency arc width is greater than the mid-frequency arc width
for both cells.

likely contributes to capacity fade, as explained in previous studies [288]. However,

for the LTO cells, the high TM concentrations do not show a correlation with capacity

fade, as also noted earlier [329].

The extent of LiPF6 hydrolysis, which generates HF that can be involved in TM

ion dissolution, was determined by examining the mole fraction of LiPO2F2 in the

harvested electrolyte (Table 4.6). Some LiPO2F2 is observed even when the pristine

electrode is soaked (no cycling) in the electrolyte, which could be a consequence of

residual moisture in the electrode. The LiPO2F2 concentration increases after aging

for both Gr and LTO cells; however, no clear trend is observed when the Gr and LTO

cells are compared.

In order to explain the impedance differences, cathode samples from the Gr and
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Figure 4.15 : Nyquist plots for the cathode in (i) NCA/LTO and (ii) NCA/Gr cells
after formation cycling and after calendar aging (see legend for color coding of the
traces). Aging increases the width of both the high and mid-frequency arcs; after 400
h, the high-frequency arc width is greater than the mid-frequency arc width for both
cells.

LTO cells were characterized by bulk and surface analysis techniques. In XRD pat-

terns of the aged electrodes only Bragg peaks from the rhombohedral phase in the

material bulk were observed. Table 4.7 gives the unit cell parameters obtained from

our analyses of the XRD patterns; the typical errors in the lattice parameters a and

c were 3.5x10−5 Å and 1.8x10−4 Å, respectively. Upon testing, the observed c-axis

expansion (and a-axis contraction) relative to the pristine oxide is consistent with

loss of Li; the c-axis expansion originates precisely from the repulsion between the

uncompensated negatively-charged oxide layers [311]. Nevertheless, the XRD data

indicate that the bulk crystal structure of the oxides is unaffected by aging.

The X-ray photoelectron spectra (XPS) of the lithiated cathodes are shown in

Figure 4.16. In the C 1s spectra (Figure 4.16a), the C45 carbon intensities (285 eV)
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Table 4.5 : Transition metal (TM) ion deposition (in ng cm−2) at the negative elec-
trode before and after 400 h calendar life aging.

Positive

electrode

Negative

electrode

400 h hold

at UCV
Mn Co Ni

NCM811

Gr before 2.3 1.6 2.7

Gr after 873 123.4 598.3

LTO before 19.2 24.1 46.8

LTO after 439.2 267.4 718.4

NCM523

Gr before 117.1 70.2 81.0

Gr after 1584.4 553.9 127.1

LTO before 149.5 79.5 72.3

LTO after 1480.6 346.7 812.7

and PVdF intensities (∼286.5, 291.5 eV) for the aged electrodes are smaller indicating

that these components are partially covered by an overlying species. For NCM811,

intensities from the Gr and LTO cells are similar suggesting that these surface species

are not responsible for the impedance differences. Moreover, for NCM523 the C45

and PVdF intensities are higher for the LTO cell indicating a thinner over-layer,

even though the impedance is higher. There are, actually, multiple examples in

the literature of thicker coatings anti-correlating with impedance growth [320]. For

completeness, the O 1s, P 2p and F 1s spectra are also shown in Figure 4.16. For both

NCM811 and NCM523 cells, the O 1s (Figure 4.16) and P 2p (Figure 4.16) spectral

intensities are lower for LTO than for the Gr. The F 1s spectra are consistent with

the presence of LiF and LiPOxFy on the aged electrodes from both the LTO and Gr

cells; there are no obvious features that could explain the impedance differences.

In summary, there appears to be no striking morphological differences between the
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Table 4.6 : Mole fraction of LiPO2F2 according to 19F and 31P NMR measurements
of the electrolyte.

Condition
Positive

electrode

Negative

electrode

Mole fraction of

LiPO2F2, %

by 19F

NMR

by 31P

NMR

Pristine

Soaked, 100 h

NCM523 - 4.7 5.3

- LTO 3.7 3.2

Calendar

aging for 400

h at the UCV

NCM811
Gr 20.7 18.8

LTO 12.5 11.4

NCM523
Gr 9.9 9.5

LTO 14.9 14.8

cathodes in the Gr and LTO cells that can account for the impedance trends observed.

There is no indication of unusually thick deposits, uncommonly efficient or inefficient

hydrolysis and/or TM ion loss, and unanticipated crystal structure changes, in the

chemical characterization data.

4.2.10 Mechanistic considerations

Our experiments suggest that (electro)chemical reactions in full-cells generate an

agent (X) that facilitates impedance rise in the LTO cells more than in the Gr cells.

The presence of X matters only (or perhaps is only triggered) when the cathode

potential is sufficiently high. This potential corresponds either to the onset of direct

oxidation of the electrolyte by the cathode surface or evolution of oxygen from the

lithium nickel oxide that undergoes a phase transition at ca. 4.2 V vs Li/Li+ [328].

As suggested by Figure 4.12, this tentative agent X can be gaseous. It is known

that some of these gases, including H2 and CO2, can be consumed on the lithiated
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Table 4.7 : Lattice parameters (in Å) for a rhombohedral phase in the lithiated NCM
cathodes before and after 400 h calendar aging. a

Condition
NCM811 cathode NCM523 cathode

a=b
∆a/ao,

% b
c

∆c/co,

% b
a=b

∆a/ao,

% b
c

∆c/co,

% b

pristine 2.87203 - 14.19640 - 2.87097 - 14.24950 -

LTO,

400 h aged
2.87023 -0.063 14.22826 0.224 2.86965 -0.046 14.26398 0.102

Gr,

400 h aged
2.86230 -0.339 14.27262 0.537 2.85600 -0.521 14.34002 0.635

a aged cathodes from cells that were fully discharged at C/50 rate to the lower cutoff voltage.
b relative to the pristine material.

Gr electrode [330] but not on the LTO electrode, which would explain why pairing

of the NCM cathodes with the Gr electrodes can be equivalent to gas venting. The

open questions are (i) what species is X, and (ii) how does X change the cathode

impedance? We remind that while parasitic reactions are known to occur on the Ni-

rich cathodes > 4.2 V (e.g. ref. [315]) causing capacity fade and impedance rise, most

of these reactions would occur regardless of which anode is paired with the cathode

or which gases are present in the cell.

Our first hypothesis was that CO2 could be agent X. Indeed, CO2 is generated

through chemical and electrochemical electrolyte oxidation [328], and it is consumed

by lithiated graphite [330]; furthermore, the formation of lithium carbonate or bicar-

bonate deposits on the cathode can explain ASI rise. In particular, it is known that

bicarbonate films form on the oxide materials through their reactions involving both

CO2 and moisture (see refs. [331] and [332] for more detail). However, such deposits
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Figure 4.16 : X-ray photoelectron spectra (XPS) from the NCM cathodes in the (a)
C 1s, (b) O 1s, (c) F 1s, and (d) P 2p regions obtained before and after 400 h of
calendar aging at the UCV. The upper traces are for the NCM523 cells and the lower
traces are for the NCM811 cells. See panel b for color coding of these traces; the
black (dashed) lines are from the pristine electrode, while the blue (solid) and red
(solid) lines are from the Gr and LTO cells, respectively.

would be unstable on the cathode during the potentiostatic hold at our UCVs [333]

and, furthermore, our XPS examination of the harvested cathodes do not suggest

that such deposits are formed at all.

Another possibility is that a reaction on the LTO introduces agent X into the

electrolyte and that the role of the gas is shifting the equilibria involving X as opposed

to their reactions on the cathode. This seems unlikely, as, in fact, LTO is rather

unreactive, although there is evidence for the formation of insoluble products on the

exposed LTO surface. In particular, Nordh et al. [60] found that fluorophosphates

form on LTO in contact with the LiPF6 containing electrolyte. Song et al. [160]
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observed an intermittent deposition/consumption of carbonates and Li2O on LTO,

proposing that these materials are formed as LTO is lithiated, but are dissolved when

lithium is extracted. The main difficulty with this line of thought is that X needs to

be both soluble (in order to reach the cathode) and reactive (to modify the cathode

surface). There are very few species that fit this description (HF acid being one of

them), and it is hard to see how the presence of gases can have much effect on this

tentative shuttling processes.

Therefore, we believe that X originates directly from a gaseous component. It is

known from the recent studies of Gasteiger and co-workers [328] that in the graphite

cells, CO2 and CO are continuously generated during charging of the cell (chiefly, by

chemical oxidation of the electrolyte), whereas most of H2 and C2H4 are generated

during the initial formation cycles. In the Gr cells, the hydrogen mainly (but not

exclusively) originates from the reduction of inadvertent moisture [334], and so is the

case in the LTO cells; in fact, H2 is known to be the main product of LTO gassing

[61, 335].

We remind that layered NCM oxides are thermodynamically unstable in their fully

delithiated state [311, 260, 312, 313]; their metastability is mainly due to kinetically

limited oxygen anion transfer through the rock salt cubic (2-3 nm) and spinel phases

(10-15 nm) in the subsurface regions. At room temperature, oxygen diffusion through

these oxygen-depleted, reduced layers is slow, and the oxygen atoms are trapped

inside the material [317, 318]. Experimentally [328], most of the gaseous oxygen is

released in the few initial cycles; as the reduced layer forms, the evolution of O2 slows

down, as the diffusion through these subsurface layers is too slow. It is these layers

(that also block the Li+ ion diffusion) that are believed to contribute most to the

interfacial impedance. Even if more oxygen can be consumed at the surface of the
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cathode, that may not translate into a thicker layer, as the thickness of this layer

is limited by the oxygen transport through this layer [336]. The corollary is that a

chemical modification that improves oxygen diffusion through these layers can result

into their growth, causing the rise of interfacial impedance. Furthermore, thickening

of these reduced layers can be the source of mechanical strain causing separation of the

primary (crystalline) particles from each other in the secondary (sintered) particles.

Our hypothesis is that reducing gases in general and H2 in particular can po-

tentially serve as the postulated agent X by modification of these reduced layers.

Oxidation of the solvent generates the protons (organic acids) that can replace Li+

ions in the material assisting the delithiation [312, 336, 337]. These protons also

shuttle to the anode where they can produce H2 [328]. The hydrogen, being a small

molecule, can diffuse into the materials and become involved in the redox equilibria

of the protons (that are inside the material due to the ion exchange) or it can dis-

sociate in the thermodynamically unstable bulk causing the growth of the reduced

layer. While hydrogen is generated both in the Gr and LTO cells, both the relative

and the absolute yield of H2 with the LTO anode is much higher [61, 335]. Venting

of H2 after the formation cycles considerably reduces its stock as it mainly originates

in the formation cycles.

We, therefore, suggest that there could be a heretofore unrecognized effect of H2

on the interfacial impedance of the Ni-rich NCM cells due to its interference with the

dynamics and/or properties of the oxygen-depleted, reduced layers on this material.

Our search of the literature gave no examples of the studies of the effects of H2 on the

cathode impedance, and so our hypothesis is speculative at this point. Nevertheless, it

is a falsifiable hypothesis that can be tested through deliberate introduction of H2 into

the head space of an operating cell, which could be the topic of future investigations.
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4.2.11 Outlook

In this study, we report a new type of cross-talk between electrodes in high-voltage

cells. Specifically, we show that pairing of Ni-rich layered oxides with lithium ti-

tanate results in much faster increase in the cathode impedance (during calendar

aging) compared to the graphite cell. This effect curiously follows the same trend

expected for the onset of oxygen release from the lattice (NCM811 < NCM523 <

NCA) [328, 338, 176], and is only observed at high voltages. The anode-dependence

of the impedance rise disappears when the gas generated during the initial formation

cycle is vented out of the cell before the potentiostatic hold.

We suggest that hydrogen generated on the anode by reduction of moisture on the

negative electrode can become the agent of impedance rise in the cathode, as this gas

can diffuse into the delithiated material and promote the formation of reduced phases

in the subsurface regions. This hypothesis, however, needs further verification and

validation. We also acknowledge that other possible sources of impedance rise are the

formation of sub-surface inactive phases following O-ejection from the lattice, and

physical damage to the electrode film following electrolyte oxidation (as gasses are

formed). While the former mechanism could address the relative trend of impedance

rise among the layered oxides investigated here, it fails to rationalize the effect of the

anode; in the latter, the role of the negative electrode is also unclear, and extensive

delamination of the electrode was actually not observed during the tests.

The lack of chemical and structural differentiation among cathodes paired with

graphite and LTO adds to the mystery of what mechanism is responsible for the ob-

served effects. The results described here are, nevertheless, highly consistent, and

reveal important practical ramifications. Lithium titanate spinel is used by the in-

dustry in high power batteries, whose function essentially relies on maintaining cell
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impedance at low levels over its useful life. A direct implication of our work is that

attempts to extend the energy available in these cells (by increasing the operating

voltage) can result in dramatic losses in power capability; certain cathodes are also

more susceptible to this detrimental effect than others. Although the mechanism

proposed here requires further experimental proof, our observations clearly bear im-

mediate practical impact.
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Chapter 5

Summary

Our exploration of high temperatures was, in many ways, the investigation of ionic

liquids. Although solid electrolytes offer elevated thermal stability, RTILs are the

most concrete candidates to enable successful energy storage over a broad temperature

range. The work described here also indicates how the high-temperature voltage

limits of RTIL cells emerge from a convolution of solvation and interfacial chemistry:

alterations on TFSI’s molecular environment extend the anodic limits of the RTIL,

whereas the stability of passivation layers on graphite anodes and on the cathode’s

current collector imposes additional practical limits. Chapter 2 is extensive on its

reach, but also on its approach, ranging from the broad and exploratory (section 2.2)

to the specific and pragmatic (section 2.4).

Nevertheless, positing RTILs as enablers of a wide temperature range would only

be acceptable if the questionable performance often achieved at ambient conditions is

also addressed; this is exactly what section 3.1 aimed to achieve. RTILs will hardly

meet the ionic conductivity offered by conventional carbonate-based electrolytes; even

the few low-viscosity compositions already reported will present a lower overall Li+

mobility. Given the fact that solid-state diffusion is a property of the electrode (and so

is not expected to be improved solely by electrolyte engineering), the identification of

charge transfer as the rate-limiting step offers a route to design systems with enhanced

performance: within certain limits, Rct could be the only parameter that needed to

be optimized to construct batteries superior to conventional cells. A rare report
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demonstrating RTILs able to outperform carbonate electrolytes [16] may actually be

inadvertently serving from this idea.

While the projects discussed above essentially revolve around the solution of prob-

lems, the final three sections of this thesis are mostly concerned with identification

and quantification. The preliminary ideas discussed in section 4.1 have important

consequences to the maximization of the charging rates of Li-ion batteries, and are

expected to have immense impact on future research. The study of H2 release from

Si nanoparticles provides an interesting digression from the cell-level queries inves-

tigated here, and rather scopes the impact of materials selection on the safety and

practicality of electrode manufacturing procedures. Finally, section 4.2 embarks on

the discussion of a case of cross-talk, or how seemingly independent pieces of the bat-

tery can interfere with each other’s function, through phenomena akin to an “action

at a distance”. Such intricate events are only now surfacing, and are perhaps the best

example of the complexities involved with unraveling the mechanisms of operation

and decay of Li-ion batteries.

This thesis is, above all else, a compendium of diversified ideas – and hence the

agent of equally diversified learning.
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