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Abstract

As the requirement of the green generation advances beyond eco-friendly, Li-ion batteries (LIBs) are
becoming more important as sustainable energy storage devices for electric vehicles and energy
storage systems because of their potential to achieve high energy densities and long lifespans. Ni-rich
layered oxides (LiNixCo,Mn,O, x > 0.6) have been considered one of the promising cathode
materials due to its high reversible capacity ~200mAh g'. However, Ni-rich cathode manifests its
structural degradation, low thermal stability and parasitic reactions of electrolytes with Ni*" which
induces the oxidative decomposition of electrolyte due to its high reactivity. Silicon (Si) is the most
exciting anode material because of the high theoretical capacity of 3579 mAh g' for LiisSis
surpassing that of the carbonaceous anodes (372 mAh g! for LiCs). However, severe volume changes
and vulnerable interfaces of silicon during cycling impede its practical uses because the newly
exposed active surface of silicon to electrolyte induces perpetual electrolyte decomposition. Thus, the
electrolyte-electrode interface should be controlled by constructing interfacial layers on both
electrodes for stabilizing highly reactive electrodes. In addition, the degradation mechanism of
conventional electrolytes composed of lithium hexafluorophosphate (LiPFs) and carbonate solvent
mixture receives attention for ensuring the best performance of high-energy-density LIBs. Ion-paired
LiPFs is prone to decompose into LiF and PFs, strong Lewis acids, and promotes the further
hydrolysis of LiPFs reacting with a trace of water in batteries producing reactive species such as HF.
HF can destroy the electrolyte-electrode interfacial layer, leach the transition metal dissolution from
cathodes and leads to a decomposition of the solvent. Therefore, the scavenging highly reactive
species in electrolytes should be significantly considered in developing the electrolyte systems.

Herein, the underlying mechanisms of electrolytes and electrolyte-electrode interface will be clearly
enlightened through electrochemical method and characterizations; (i) analyzing change of physical
and chemical structures of electrolyte using nuclear magnetic resonance (NMR) spectroscopy and
electrospray-ionization mass spectrometry (ESI-MS) (ii) investigating chemical structure and
morphologies of the electrode-electrolyte interface using time-of-flight secondary ion mass
spectrometry (TOF-SIMS), X-ray photoelectron spectroscopy (XPS) and field-emission scanning
electron microscopy (FE-SEM) and (iii) analyzing structural changes of electrodes using high-
resolution transmission electron microscopy (HR-TEM), scanning transmission electron microscopy
(STEM) and X-ray diffraction (XRD) spectroscopy. Understanding of electrolyte-electrode
degradation mechanism through systematic analysis of electrolyte-electrode interface will contribute
to the development of chemically and electrochemically stable electrolyte systems for high-

performance LIBs.
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I. Introduction

1.1 Lithium-ion batteries

Lithium-ion batteries (LIBs) are perceived as suitable power sources for a variety of mobile electronic
devices and a solution to the demand for ecofriendly electric vehicles (EVs) and large-scale energy
storage systems (ESSs) because of their high energy density and long cycle life.!> However, the
growing demand for large-scale rechargeable batteries requires the development of electrode materials
with high energy-storage capabilities, exceeding those of conventional graphite and LiCoO,, and good
safety characteristic. To improve the energy density of LIBs, electrode materials with high reversible
capacities: cathode materials that operate at high voltages and anode materials with low working
potentials close to 0 V vs. Li/Li* have been developed. Therefore, the Ni-rich cathode and Si-
containing anode are regarded as promising electrodes capable of realizing high-energy-density LIBs
as showed in Figure 1.1.

The Ni-rich cathodes (LiNixCoyMn,0,, x+y+z=1, x>0.6) have attracted attention due to its high
capacity (> 180mAh g), high operating voltages (~3.8 V) and low cost.>® However, the Ni-rich
cathodes still have some critical issues interrupting their practical uses®!° such as (i) residual lithium
compounds, (ii) mechanical cracking, (iii) superoxide radical (O,") and gas evolution and (iv) cation
mixing and electrolyte decomposition (Figure 1.2).

(i) Residual lithium compounds

The higher the content of Ni in the Ni-rich cathodes, the higher the portion of Ni*" which undergoes
self-reduced to Ni?* due to the instability of Ni trivalent state. Ni** ions is prone to occupy the Li" ion
sites due to the radius of Ni** (0.69 A) is close to that of Li* (0.72 A). This result prevents Li" ions
from diffusing into the Ni-rich cathodes, leaving them on the surface.!'!? These residual Li" ions can
easily react with H>O, CO; and O; to form a LiOH, Li»CO; and Li,O, which are called residual

lithium compounds.'*-1*

These compounds may cause undesirable side reactions which promote the
decomposition of LiPFs-based electrolyte.

(i1) Mechanical cracking

The active material of Ni-rich cathode has a structure in which nano-sized primary particles are
aggregated in different directions to form micro-sized secondary particles in a spherical shape. These
polycrystalline structured Ni-rich particles undergo repeated anisotropic expansion and contraction
during charge and discharge process, which diminishes the mechanical integrity between Ni-rich
particles and finally induces the intergranular cracking in primary particle.!>!¢

(iii) Superoxide radical (O27) and gas evolution

Reactive oxygen species and oxygen gas are released from Ni-rich cathode to maintain charge

neutrality resulting from reduction of oxidation index of transition metals.'”!” Superoxide radicals

(O2°) may be formed at the cathode surface and it can attack the methylene species (CH>) of ethylene

1



carbonate (EC) via a SN, pathway producing unwanted products such as CO,, CO and H,0.%

(iv) Electrolyte decomposition and cation mixing

The highly reactive Ni*' is formed on the surface of the Ni-rich cathodes in the charged state and may
induce unwanted oxidative decomposition of electrolyte. As oxidative decomposition of the
electrolyte is induced, the Ni*" at the surface of Ni-rich cathodes is reduced to Ni*" and Ni?*, and
generated Ni**ions, which has similar size with Li" ions, aggravate the cation mixing at the surface
Ni-rich cathodes. Cation mixing deteriorates the electrochemical performance of Ni-rich cathodes by
converting an electrochemically active layered structure into an electrochemically inactive rock-salt
structure.

Silicon (Si) has been spotlighted as a high- capacity anode materials because Si has high theoretical
capacity of 3579 mAh g! for Li;sSis compared to pure graphite, which has theoretical capacity of 360
mAh g'.2'"22 However, the main obstacle to the application of pure Si as an anode materials is a
significant volume change during the charge and discharge process. Severe volume change in Si
particle induces pulverization of Si particles and exposes active Si surface to electrolyte. It causes a
continuous decomposition of electrolyte, generating thick and unstable solid electrolyte interface (SEI)
at Si surface, which leads to depletion of electrolyte in the LIBs, increase of battery resistance and
deterioration of the electrochemical performance of batteries.?>>*

The abovementioned problems can be relieved by stabilization of electrolyte-clectrode interface at
both electrodes, which guarantees the realization of high-performance batteries, therefore, the suitable
electrolyte systems should be developed reducing unwanted side reaction between electrode and
electrolyte interface and improving the chemical stability and electrochemical performance of high-

energy density LIBs.
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1.2 LiPF¢-based electrolytes

Lithium hexafluorophosphate (LiPFs)-based electrolytes, commonly used in conventional LIBs,
exhibits high ionic conductivity (> 5 mS cm™), reasonably good oxidation stability up to 4.35V vs.
Li/Li* and compatibility toward Al current collectors.>>?’ Low concentration of LiPFs can be
completely dissociated into solvated Li* and PF¢ in solvents, however, the conventional electrolyte
for LIBs is composed of more than 1M LiPFs and a carbonate-based solvents. Relatively high LiPFg
concentration generates ion-paired LiPFe through re-association of PF¢ and Li* due to the depending
on the solvating power of the solvents toward Li*.*3° The ion-paired LiPFg is responsible for the
negative characteristics of LiPF¢ salt such as low thermal stability and high sensitivity toward a trace
of water, producing uncontrollable reactive compounds such as Brensted acidic HF and Lewis acid
phosphorus pentafluoride (PFs).*!"** The ion-paired LiPFs undergoes auto-catalytic decomposition
accelerated at high temperature. (Equation 1.1)

LiPF¢ (s) — LiF (s) + PFs (g) (1.1)
Small-sized Li* ion favorably associating with PF¢ anion is prone to form LiF and PFs due to its
larger the ratio of charge-to-radius compared to other alkali metal ions (M*) such as Na*, K*, Rb" and
Cs'. Wang et al. reported that the Li*-F~ bond length (1.8913 A) is the shortest among the M*-PFs ion
pair via computational method using density functional theory (B3LYP/6-311G(2df)).>* Morover, the
hydrolysis reaction of LiPF¢ is a critical issue threatening high-performance of LIBs. Figure 1.4a
exhibits that hydrolysis reaction of ion-paired LiPFs accompanying the HF and various phosphoric
acid derivatives such as H(PO:F,), H2(PO3F), and H3(POs).

Generation of acid compounds in LiPF¢ induces the decomposition of electrolyte solvent, the
destruction of interfacial layers on electrodes and transition metal (TM) dissolution from the cathode
as showed in Figure 1.4b.*>*° Notably, the physical and chemical stability of SEI that should fulfill the
protection of electrodes upon repeated cycling in harsh conditions such as high voltages and elevated

temperatures. However, HF damages and changes the SEI structures as below.*#! (Equation 1.2-6)

Li»CO;s (8) + 2HF (g) — 2LiF (s) + H,0 (I) + CO» (g) (1.2)
LiOH (s) + HF (g) — LiF (s) + H:0 () (1.3)
Li,O (s) + 2HF (g) — 2LiF (s) + H0 (1) (1.4)
LiOR (s) + HF (g) — LiF (s) + ROH (1) (1.5)
LiOCO:R (s) + HF (g)— LiF (s) + ROH (1) + CO» (g) (1.6)

In addition, the high acidity due to HF generation in LiPFs-based electrolyte leaches the TM ions from
cathode materials. TM dissolution may cause the capacity decay and power fading of LIBs with
deterioration of cathode structure as well as the instability of anode interface as cycle progresses.**

“These problematic behaviors of acids produced by LiPFs imperil the long-term cycling and storage



performance of LIBs and the above issues can be mitigated by the use of additives that scavenge

acidic species such as HF or inhibit the hydrolysis of LiPFs.
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1.3 Functional electrolyte systems

Many researchers have perceived that generating a protective film at both electrodes is effective
strategy to stabilize the electrolyte-clectrode interface.**® In-situ formation of SEI by adopting
adequate additives can expand the electrochemical stability window of the conventional electrolyte,
thus the additional electrolyte decomposition is suppressed at both electrodes. (Figure 1.5) The
possibility of SEI forming additive can be predictable by comparing molecular orbital energy levels
such as the highest occupied molecular orbital (HOMO) and the lowest occupied molecular orbital
(LUMO) energy using theoretical calculation because it is ideal that a SEI is preferentially formed by
an additive before the electrolyte oxidative or reductive decomposed. Desirable SEI layer is
electrochemically and chemically inert, facilitates the Li* diffusion and accommodates the volume
changes of electrode materials even at high temperatures.

Moreover, the next electrolyte systems should contain the scavenging highly reactive and causative
species in LiPF¢-based electrolyte, which is a great importance for realization of maximum
performance of high-energy-density LIBs.*’-*8 Notably, the stabilization of LiPFs-based electrolyte is a
key solution to reduce generation of acidic compounds related to decomposition of LiPFs because the
HF threatens the stability of electrolyte, electrode and electrolyte-electrode interfaces. Figure 1.6
represents the three different type of strategies: (i) Anion receptor, (ii) Lewis base and (iii) HF
scavenger. lon-paired LiPFs in the electrolyte decomposed in to LiF and PFs. The produced PFs
causes parasitic reaction such as PFs-promoted solvent decomposition and the generation of HF as
key species undesired side reactions. To prevent the formation of PFs in the electrolyte, complete
dissociation of LiPFs salt is required. Anion receptor with electron deficient atom can contribute to the
salt dissociation through the favorable complexation with PFs™ anion and block the route the formation
of PFs (LiPFs — LiF+PFs).*-5! Lewis base additives with P, O, and N atoms bearing lone pair
electrons capture Lewis acid PFs by Lewis acid-based interaction and prohibit the hydrolysis of PFs
producing HF and phosphoric acids.’*>* In addition, the Bronsted acid HF scavenging mechanism in
the electrolytes mainly comes from favorable complexation with additives which have base sites
possessing electron donation ability. Representative functional moieties scavenging HF include

nitrogen and phosphite core, amino-silane (N-Si) and silyl ether.>>-%
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I1. Understanding the thermal instability of fluoroethylene carbonate in

LiPFs-based electrolytes for lithium ion batteries

2.1 Introduction

Deterioration of the electrode—electrolyte interfaces causes unsatisfactory cycling performance of
batteries. To stabilize the electrode—clectrolyte interface, various approaches, such as surface-coating
of the electrode materials and the use of electrolyte additives, have been proposed. Using reducible
and oxidizable compounds for the formation of an artificial solid electrolyte interphase (SEI) is one of
the most effective strategies to improve the interfacial stability of electrodes.®' Si is considered a
promising anode material for next-generation LIBs because of its high theoretical capacity of 4212
mAh g! for Li»Sis® Si anode materials cannot maintain their original structure because of the
colossal volume changes that occur during cycling. Such large volume changes cause cracking of the
Si particles to generate new active surface sites that may result in further irreversible electrolyte
decomposition. Perpetual electrolyte decomposition at the Si anode depletes the electrolyte and
degrades the anode. To improve the electrochemical performances of Si anodes, fluoroethylene
carbonate (FEC) has been used as a highly effective reducible additive. It has been reported that FEC
as an additive effectively modifies the nature of the SEI layer on the anode and improves the

6365 and Si.°7* Previously, our group

electrochemical performances of anodes such as graphite
reported that Si thin-film/Li half cells with 3 wt.% FEC featured a substantially higher discharge
capacity retention (88.5% after 80 cycles) than the FEC-free electrolyte (67.9% after 80 cycles).®® It
should be noted that the optimum content of FEC as a promising reducible additive to improve the
electrochemical performances of anodes in LIBs is dependent on the anode materials.®®% Despite the
beneficial effects of FEC on the anodes, the decomposition mechanisms of FEC are still under
investigation. FEC can decompose to vinylene carbonate (VC), which could produce the poly(VC)
component of the SEI layer, and HF.®*747® In addition to this reaction, polyacetylene and LiF can be
produced as the SEI components by the electrochemical reduction of FEC on a Si electrode.”” FEC
can also be electrochemically reduced at the anode via opening of the five-membered ring leading to
the formation of lithium poly(vinyl carbonate) ((CH.-CHOCO:;L1i),), LiF, and partially fluorinated
dimers.”” Gustafsson et al. demonstrated that the two most likely decomposition routes for FEC are
defluorination and ring opening to form LiF and other organic species such as -CHF-OCO,-type
compounds.®’” However, there have been reports of detrimental effects of the FEC-derived SEI on the
electrochemical properties of Li/graphite half cells and spinel-type Lii.1Mn;.O4/graphite full cells.”>7
The capacity loss of the FEC-containing cell during storage at 60 °C was severe compared to those of

VC-containing and additive-free cells. Recently, Lu et al. reported that the FEC additive did not
prevent capacity fading of LiMn,Os (LMO) cathode half cells at elevated temperatures.”” They



suggested that the HF formed via defluorination of FEC at elevated temperatures leads to increased
Mn dissolution and the formation of a thick SEI layer on the LMO cathode.

Herein, we demonstrate the thermal instability of FEC as a co-solvent in high-energy-density lithium-
ion batteries based on pitch-coated silicon alloy-graphite (Si-C) anode coupled with LiCoO, (LCO)-
LiNip sC00.Mng 30, (NCM) cathode delivering high capacity of ~180 mAh g!. The differences in the
surface chemistry of the Si-C anodes cycled in ethylene carbonate (EC)-based and FEC-based
electrolyte are examined using ex situ X-ray photoelectron spectroscopy (XPS) measurements. The
impact of FEC on the self-discharge of the Si-C anode in a full cell coupled with an LCO-NCM
cathode during storage at 45 °C is discussed. Furthermore, we propose possible mechanisms that
account for the thermal instability of the FEC solvent in presence of LiPFs, leading to the inferior

electrochemical performance of full cells at elevated temperatures.”
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2.2 Experimental method

Preparation of the electrolyte and electrode

Two liquid electrolytes were tested: 1.5 M Lithium hexafluorophosphate (LiPFs) in EC/diethyl
carbonate (DEC) (3/7, w/w, EC-based electrolyte) and 1.5 M LiPF¢ in FEC/DEC (3/7, w/w, FEC-
based electrolyte). All solvents and the LiPFs salt (Soulbrain Co., Ltd) were used as received. The
water content of electrolytes was determined by Karl Fischer titration (C30, Mettler Toledo). The
water content of EC-based electrolyte and FEC-based electrolyte was 12.5 and 10.0 ppm, respectively.
To perform ab initio calculations of the reductive stability, optimized geometries of FEC and EC were
obtained using Gaussian 09. Molecule optimization was carried out by applying density functional
theory (DFT) with the B3LYP/6-311+G basic set. The anode was composed of 97 wt.% Si-C as the
active material and 2 wt.% styrene-butadiene rubber/1 wt.% sodium carboxymethyl cellulose as the
binder. Pitch-coated Si alloy (22.5 wt.%) was blended with 77.5 wt.% graphite to fabricate the Si-C
anodes. The specific capacity and active material mass loading of the anode were 3.02 mAh cm ™ and
5.60 mg cm2, respectively. The cathode was composed of 97.8 wt.% LCO-NCM as the active
material, 1.0 wt.% Super-P as the conducting agent, and 1.2 wt.% poly(vinylene fluoride) as the
binder. The blend ratio of LCO and NCM in the cathode was 8/2, w/w. The specific capacity of the
LCO-NCM cathode and loading of the active cathode material were 2.47 mAh cm 2 and 13.3 mg cm 2,

respectively.

Electrochemical measurements

LCO-NCM/Si-C full cells (2032 coin-type) were assembled with a microporous polyethylene film
(SK Innovation Co., Ltd.) as a separator in an argon-filled glove box (O, and H,O <0.1 ppm). Its
thickness and porosity were 20 um and 38 %, respectively. LCO-NCM/Si-C full cells were
galvanostatically precycled at a constant current of 9.25 mA g ! (corresponding to C/20) between 2.5
and 4.2 V at 30 °C using a computer-controlled battery testing equipment (WonATech WBCS 3000).
The constant voltage condition was applied to the end of the charge of precycling until the current was
below C/100. Thereafter, the full cells were cycled at a constant current of 37 mA g! (corresponding
to C/5) between 2.5 and 4.2 V at 30 °C for the standard cycle. The constant voltage condition was
applied to the end of the charge of the standard cycle until the current was below C/50. After the
standard cycle, the full cells were cycled at a constant current of 185 mA g! (corresponding to 1 C)
between 2.5 and 4.2 V at 60 °C. The constant voltage condition was applied to the end of the charge at
every cycle until the current was below C/25. To investigate the storage performance at an elevated
temperature, the LCO-NCM/Li and Si-C/Li half cells and the LCO-NCM/Si-C full cells were stored
for 20 days at 45 °C in a fully charged state, and then their capacity retention was measured at 30 °C.

The capacity retention was calculated on the basis of the discharge capacity before storage.
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Material characterization

After the 2" cycle, the cells were carefully opened in a glove box to retrieve the Si-C anodes. The
anodes were then rinsed in dimethyl carbonate to remove any residual LiPFe-based electrolyte, and
the resulting samples were dried at room temperature. These dried anodes were analyzed using ex situ
X-ray photoelectron spectroscopy (XPS, K-Alpha, Thermo Fisher) with Al K, (hv = 1486.6 ¢V)
radiation under ultrahigh vacuum with a 0.10 eV step and 50 eV pass energy. All XPS spectra were
calibrated to the C—C bonding energy at 285 ¢V. To avoid any possible contamination, the samples for
the ex situ XPS measurements were prepared in a glove box and sealed in an aluminum pouch under
vacuum before use. The surface morphologies of the Si-C anodes were determined by field emission
scanning electron microscopy (FE-SEM, Nova NanoSEM, FEI), and energy dispersive spectrometry
(EDS) was performed to identify the atomic composition of the surfaces of the Si-C anodes. All Si-C
samples were retrieved from LCO-NCM/Si-C full cells that had been stored for 20 days at 45 °C with
EC- or FEC-based electrolyte. The SEM and EDS samples were carefully prepared in a glove box to
avoid any possible contamination. The samples were sealed in an aluminum pouch under vacuum
prior to analysis. To investigate the transition metal dissolution behavior of fully delithiated LCO-
NCM cathodes in the EC- and FEC-based electrolytes, cathodes charged up to 4.3 V in the EC-based
electrolyte were soaked in FEC solvent. The electrolytes, which were under argon in a polyethylene
bottle that was sealed in an aluminum pouch, were stored in a convection oven at 60 °C for 24 h. The
amounts of metal ions (i.e., Ni, Co, and Mn) in the electrolytes that had contact with the fully
delithiated cathodes at 60 °C were measured via inductively coupled plasma mass spectrometry (ICP-
MS, ELAN DRC-II, Perkin Elmer). The amounts of metal ions deposited on the Si-C anodes retrieved
from LCO-NCM/Si-C full cells that had been stored for 20 days at 45 °C were determined by means
of ICP-MS. To examine the thermal stability of FEC at an elevated temperature, typical experiments
were performed. Solvent mixtures of FEC and DEC at 10:0, 3:7, and 0:10 weight ratios with and
without 1.5 M LiPF¢ were prepared under argon in polyethylene bottles that were sealed in aluminum
pouches; these mixtures were then stored in a convection oven for three days at 60 °C. To elucidate
the effect of the LiPFs salt on the thermal stability of FEC, the characteristics of FEC with 1.5 M
lithium bis(trifluoromethane)sulfonimide (LiN(SO2CF3),, 99.95% Aldrich) or 0.5 M lithium
trifluoromethane sulfonate (LiSO3CF3,99.995% Aldrich) were compared with those of FEC with 1.5
M LiPFs before and after storage for three days at 60 °C. LiSO;CF3 (0.5 M) was dissolved in FEC
because of its limited solubility. The chemical stability of FEC was investigated in the presence of
0.06 M tris(pentafluorophenyl) borane (TPFPB, 97% Tokyo Chemical Industry Co., Ltd.), which can
act as a Lewis acid. FEC with 0.06 M TPFPB was stored for 24 h at room temperature. The color
changes and acidities of the samples before and after storage were monitored by photographs and pH

paper (Toyo Roshi Kaisha, Ltd), respectively. The samples were analyzed using *C nuclear magnetic

12



resonance (NMR) spectroscopy (600 MHz-VNMRS 600, Agilent) to identify the changes in the
molecular structures of the electrolytes before and after storage. All samples were prepared in the

THF-ds solvent with a 1:1 volume ratio.
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2.3 Results and discussion

Figure 2.1a shows the voltage profiles of the LiCoO, (LCO)-LiNigsCo2Mng302 (NCM) cathode
coupled with a pitch-coated silicon alloy-graphite (Si-C) anode during the precycle. To realize high-
energy-density lithium-ion batteries, LCO with limited capacity was blended with NCM having the
advantage of high capacity. A full cell with FEC/DEC (3/7, w/w)/1.5 M LiPF¢ (FEC-based electrolyte)
exhibited a higher charge plateau and lower discharge plateau than a full cell with EC/DEC (3/7,
w/w)/1.5 M LiPF¢ (EC-based electrolyte); this indicates voltage loss caused by internal cell resistance
and polarization. This voltage loss in the FEC-based electrolyte reduced the initial Coulombic
efficiency (ICE) of the full cells from 83.8 % to 81.9 %. In addition, the FEC-based electrolyte
delivered slightly reduced discharge capacity of 173.8 mAh g!, compared to the EC-based electrolyte
(179.0 mAh g). To elucidate the effect of the FEC-based electrolyte on the ICEs of the full cells, the
differential capacity (dQ/dV) was plotted, as presented in Figure 2.1b. Both full cells show two
pronounced reduction peaks: A reduction potential, which was induced by EC decomposition,
appeared at 3.1 V for the full cell with the EC-based electrolyte, while the FEC-based electrolyte
underwent electrochemical reductive decomposition at a relatively low potential of 2.8 V. This
discrepancy is caused by a more facile electrochemical reduction of the FEC molecules due to the
relatively low lowest unoccupied molecular orbital (LUMO) energy (—0.8531 eV), which results in a
higher reduction tendency than in the case of EC (LUMO energy = —0.4014 eV) at the Si-C anode in a
full cell.”3! Therefore, it is likely that FEC modifies the interfacial structure of the anode, and the
voltage loss of the full cells can be ascribed to the FEC-derived SEI layer.

Figure 2.1¢ and d show the discharge capacity retentions and Coulombic efficiencies, respectively, of
LCO-NCM/Si-C full cells with EC- and FEC-based electrolytes at a rate of 1 C and 60 °C. Similar
Coulombic efficiencies of greater than 98.6% were observed for both electrolytes over 50 cycles.
However, full cells with the FEC-based electrolyte showed a slightly lower discharge capacity
retention of 80.8% than those with the EC-based electrolyte (84.4%) at the 50" cycle. Although FEC
is very effective in stabilizing the anode—electrolyte interface, it may not be suitable for applications

in high-temperature batteries.
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Presence of the FEC-derived SEI layer on the anode was confirmed by the ex situ XPS results
provided in Figure 2.2. The F 1s, C 1s, and P 2p XPS spectra were obtained for the anodes retrieved
from full cells cycled for two cycles in EC- and FEC-based electrolytes. The F 1s XPS spectrum for
the Si-C anode cycled in FEC-based electrolyte shows three types of fluorine (Figure 2.2b): Fluorine
bonded to phosphorous (P-F; 687.5 eV), fluorine bonded to carbon (C-F; 686.2 ¢V), and lithium
fluoride (LiF; 685.0 V). A noticeable feature is the appearance of the peak assigned to the C—F bond
at 686.2 eV that is not observed in the corresponding spectrum of the EC-based electrolyte. The C—F
peak can be produced by FEC decomposition (FEC (1) + Li* + e — CH,=CHF (s) + Li,CO; (s),
CH,=CHF — C-F-containing polymeric species).”’ Comparison of the C ls spectra for the Si-C
anode surface cycled in the EC- or FEC-based electrolyte (Figure 2.2c and d) provides further
evidence for the presence of the C—F moieties on the anode surface: Clearly, a more pronounced peak
appeared at 288.0 eV in the spectrum of the anode cycled in the FEC-based electrolyte; this is
probably because, upon FEC decomposition, the FEC-based electrolyte generated organic species that
contain C-F groups on the anode, which contributed to the increment in the ester (-CO»-) peak
intensity at 288 eV. Importantly, the LiF peak intensity at 685.0 eV was significantly higher for the
FEC-based electrolyte than for the EC-based electrolyte, as shown in Figure 2.2b. This result suggests
that FEC produces LiF as the main component of the SEI on the Si—C anode. LiF formation via
reductive decomposition of FEC can be explained by two possible mechanisms: (1) LiF formation
through a reaction of Li with HF that is generated upon defluorination of FEC (FEC (1) — VC (1) +
HF (g))* and (2) LiF formation via the reaction of HF with SEI components such as Li»COs (Li2COs
(s) + 2HF (g) — 2LiF (s) + H,O (1) + CO: (g)1).%* Additional differences between the FEC- and EC-
derived SEIs are apparent in the P 2p XPS results shown in Figure 2.2¢e and f. In the case of the FEC-
based electrolyte, more pronounced peaks corresponding to phosphate (P—O) species appeared at
134.7 and 133.8 eV. Compounds with phosphate moieties (3ROCO:Li (s) + OPF3 (g) — O=P(RO); (s)
+ 3LiF (s) + 3CO; (g), R = alkyl group) could be generated by a reaction between lithium alkyl
carbonates and phosphoryl fluoride.**%5 Phosphoryl fluoride (OPFs), which is responsible for the
formation of the phosphate species, is produced by hydrolysis of the LiPF; salt, as follows:¢

LiPFs (s) <> LiF (s) + PFs (g) (2.1)
PFs (g)+ H,O (1) — POF; (g) + 2 HF (g) (2.2)
FEC, which has a relatively low dielectric constant of 78.4 at 40 °C compared to that of EC (90.5 at
40 °C), may impair the dissociation of LiPFs in the electrolyte and expedite the forward reaction
presented in Equation (2.1) producing reactive PFs Lewis acid.®”* The resulting PFs may react with
trace water to form POF;, as presented in Equation (2.2). Tasaki et al. suggested that POF; can be
produced by the reaction of LiPFs¢ or PFs with Li,COs;, which is one of the representative SEI
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components derived by the decomposition of carbonate-based electrolytes, as shown in Equation (2.3)

and (2.4).8¢
Li>COs (s) + LiPFs (s) — 3LiF (s) + POF; (g) + CO: (2) 2.3)
Li>COs (s) + PFs (2) — 2LiF (s) + POF; (g) + CO: () 2.4)

From these mechanisms, it is apparent that the FEC-based electrolyte promotes unwanted
decomposition of the LiPF¢ salt and forms the SEI with a relatively large fraction of phosphate species

on the Si—C anode surface.
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Figure 2.2 XPS spectra of Si-C electrodes from LCO-NCM/Si-C full cells after two cycles: (a) and (b)
F 1s spectra, (c) and (d) C 1s spectra, and (e) and (f) P 2p spectra.
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To elucidate the effect of the FEC-based electrolyte on the cycling performance of LCO-NCM/Si-C
full cells at elevated temperatures, the high-temperature storage performances of LCO-NCM/Si-C full
cells, LCO-NCM/Li half cells, and Si-C/Li half cells were examined at 45 °C. As shown in Figure
2.3a and b, the LCO-NCM/Li and Si-C/Li half cells with FEC-based electrolyte exhibited superior
discharge capacity retentions than those with the EC-based electrolyte after storage at 45 °C for 20
days. However, the full cell with the FEC-based electrolyte had a slightly reduced discharge capacity
of 147.4 mAh g! and inferior discharge capacity retention of 82.9 %, as shown in Figure 2.3b and d.
This indicates that the FEC-based electrolyte does not effectively restrain the self-discharge of LCO-
NCM/Si-C full cells. The detrimental effect of the FEC-based electrolyte on the high-temperature
storage performance of fully charged full cells can be explained by the dissolution of metal ions from
the delithiated cathode. The transition metal (i.e., Mn, Ni, and Co) ions that dissolve from the cathode
can move toward a lithiated Si-C anode when the full cell is stored at 45 °C; consequently, metal
deposition occurs on the anode surface. Deposition of metal ions leads to the removal of electrons
from the fully lithiated Si-C anode in a full cell; this electron consumption via metal reduction results
in the extraction of Li ions from the anode, which causes an increase in the anode potential and

capacity loss of the LCO-NCM/Si-C full cell with the limited Li* source.
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To clarify the effect of FEC on the dissolution behavior of transition metal (i.e., Ni, Co, and Mn) ions
dissolved from fully delithiated LCO-NCM cathodes, the cathodes were analyzed by ICP-MS after
storage in the EC- and FEC-based eclectrolytes for 24 h at 60 °C. Fully delithiated LCO-NCM
cathodes were prepared by charging the cathode to 4.3 V in the EC-based electrolyte to generate the
same surface chemistry as that of the cathode. As is clearly evident in Figure 2.4, the FEC-based
electrolyte resulted in much more significant transition metal dissolution into the electrolyte than the
EC-based electrolyte. A possible mechanism for the dissolution of transition metals from the cathode
at elevated temperatures is demonstrated in Figure 2.5. Destruction of the SEI structure on the cathode
may result in additional exposure of the cathode surface to the electrolyte, which promotes metal ion
dissolution upon attack by HF. Since the cathodes used for the ICP measurements of the electrolytes
have the same SEI structure, the stability of the SEI layer at 60 °C is thought to be significantly
affected by the electrolyte composition. For instance, Li>COs3 in the SEI can be transformed to LiF by
a reaction between Li,CO; and HF in the electrolyte (Li»COs (s) + 2HF (1) — 2LiF (s) + H,O (1) +
CO: (2)1), as illustrated in Figure 2.5a. The relatively significant transition metal dissolution into the
FEC-based electrolyte may be ascribed to more severe SEI destruction caused by the attack of HF
generated by FEC decomposition at 60 °C. Interestingly, when a fully delithiated LCO-NCM cathode
was stored in FEC without the LiPFs salt, transition-metal dissolution was negligible. Therefore, it is
likely that the decomposition of FEC to form HF at elevated temperatures is promoted by the presence
of LiPFs. This investigation revealed that FEC is readily defluorinated in LiPF¢-containing
electrolytes at 60 °C to produce a large amount of HF or various acid compounds in the electrolyte. As
illustrated in Figure 2.5b, transition metal ions that dissolved from the delithiated LCO-NCM cathode
can move toward the Si-C anode in a full cell and then deposit on the anode, resulting in self-

discharge of the lithiated anode.
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Figure 2.4 ICP-MS results showing the amounts of transition metals (Co, Mn, and Ni) in the FEC
solvent, EC- and FEC-based electrolyte after storage with a fully delithiated LCO-NCM cathode with
an EC-derived SEI layer for 24 h at 60 °C.
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Figure 2.5 Schematic diagram of the possible problems related to HF and various acid compounds
generated by decomposition of FEC: (a) Breakdown of the SEI layer upon HF attack and changes of
the SEI composition and (b) transition metal dissolution from the LCO-NCM cathode and subsequent

deposition on the Si-C anode, which induces the self-discharge of full cells.

20



Possible mechanisms of FEC decomposition in presence of LiPF¢ are proposed, as shown in Figure
2.6a. Lewis acid or HF promoted dehydrofluorination may afford olefin motif via E1 pathway.®-!
This elimination-type formation of VC from FEC was also proposed by several research groups.”’*?
In addition, various polymer species with partially fluorinated structure and olefin motif can be also
produced by the PFs-catalyzed ring-opening reactions of FEC, as presented in Figure 2.6b.”2 It is
thought that these FEC decomposition reactions stimulate the decomposition of PFs anions as a non-
coordinated conjugate base and lead to the formation of various acid compounds causing the increase

of the acidity of FEC-based electrolyte.
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Figure 2.6 Possible mechanisms for (a) dehydrofluorination of FEC by Lewis acid (PFs) or HF and (b)

ring-opening reaction of FEC and the formation of polymer species with olefin motif.
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Deposition of the transition metal ions on the anode was confirmed by the EDS spectra of the Si-C
anodes retrieved from full cells after storage in the EC- or FEC-based electrolyte for 20 days at 45 °C.
Interestingly, the metal ions preferentially deposited on the Si alloy particles instead of the graphite in
the Si-C anode for both electrolytes (Figure 2.7i-1); this is probably because the SEI formed on the Si
alloy particles is not thermally robust enough to preserve its original structure at 45 °C. Moreover, the
relative fraction of Ni and Co signals on the Si alloy particles of the anode stored in the FEC-based
electrolyte was slightly higher than that of the anode stored in the EC-based electrolyte, as shown in
Figure 2.7f, h, j and 1. A comparison of EDS patterns at the selected zone of the Si alloy particles after
storage at 45 °C for 20 days more clearly shows that deposition of the transition metal (i.e., Mn)
occurs on the Si alloy particles with the FEC-based electrolyte unlike the EC-based electrolyte (Figure
2.8). To further confirm more severe deposition of the transition metal ions on the Si-C anodes with
the FEC-based electrolyte, the amounts of metal ions deposited on the Si-C anodes retrieved from
LCO-NCM/Si-C full cells after storage for 20 days at 45 °C were measured by the ICP-MS
measurements. As shown in Figure 2.9, the amounts of transition metal (Mn and Ni) ions in the Si-C
anode with the FEC-based electrolyte was much higher compared to EC-based electrolyte. From these
results, we speculate that transition metal ions are more severely dissolved from the delithiated LCO-
NCM cathode in the FEC-based electrolyte.

This is consistent with the ICP results shown in Figure 2.4. Generation of HF and acid compounds
from FEC decomposition catalyzed by PFs Lewis acid can cause SEI destruction on the electrodes and
undesirable metal ion dissolution from the cathode in a full cell, as depicted in Figure 2.5b. HF and
acid compounds may be produced through the defluorination of FEC promoted by PFs Lewis acid in
the FEC-based electrolyte (Figure 2.6a). In particular, the ions that result from dissolution of
transition metals promoted by HF may deposit on the anode in a full cell and lead to self-discharge of
the lithiated anode resulting in decreased reversible capacity of a full cell (Figure 2.5b). Accordingly,
the full cell with the FEC-based electrolyte exhibited inferior storage performance at 45 °C than that

with the EC-based electrolyte, as shown in Figure 2.3.
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Figure 2.7 SEM images of Si-C anodes after storage for 20 days at 45 °C: (a) Graphite and (b) Si
alloy with EC-based electrolyte and (c) graphite and (d) Si alloy with FEC-based electrolyte. EDS
patterns of Si-C anodes after storage for 20 days at 45 °C: (e) graphite and (f) Si alloy with EC-based
electrolyte and (g) graphite and (h) Si alloy with FEC-based electrolyte. Enlarged EDS patterns of Si-
C anodes after storage for 20 days at 45 °C: (i) graphite and (j) Si alloy with EC-based electrolyte and
(k) graphite and (1) Si alloy with FEC-based electrolyte.
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Figure 2.8 SEM images of Si-C anodes retrieved from LCO-NCM/Si-C full cells with (a) EC-based
electrolyte and (b) FEC-based electrolyte after storage for 20 days at 45 °C. EDS patterns were
obtained at the selected zone of the Si alloy particles.
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Figure 2.9 ICP-MS results showing the amounts of the transition metal (Co, Mn, Ni) in Si-C anodes
retrieved from LCO-NCM/Si-C full cells after storage for 20 days at 45 °C.
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Further evidence for the thermal instability of FEC in the presence of LiPFs is given in Figure 2.10.
FEC, a mixed solvent of FEC/DEC (3/7, w/w), and DEC with and without 1.5 M LiPFs were stored at
60 °C for 3 days. The appearances of these three solvents without LiPFs before and after storage at
60 °C for three days were similar. There were no discernible color changes of the pH papers for FEC,
the mixed solvent of FEC/DEC (3/7, w/w), and DEC without LiPF¢, as shown in Figure 2.10a, c, and
e. Importantly, FEC and FEC/DEC with 1.5 M LiPF¢ exhibited substantial changes in their
appearance after storage at 60 °C, as shown in Figure 2.10b and d: Their colors changed from
colorless to black. In addition, the pH papers dipped in FEC with 1.5 M LiPFs became red, which
indicates a strong acid; this is probably because many acidic compounds are produced in FEC with
1.5 M LiPFs. In contrast, DEC with 1.5 M LiPFs did not exhibit a color change after storage at 60 °C,
as presented in Figure 2.10f. The pH paper dipped in DEC with 1.5 M LiPFs changed from light
orange to light red; this is mostly due to the various acid compounds generated by the LiPFg

hydrolysis reactions containing Equation (2.2), as follows:

POF; (g) + H,0 (1) — PO,F, (1) + H (1) + HF (g) 2.5)
PO,F,” ()+ H' (1) + H,O (1) — POsF? (1)+ 2H' (1) + HF (g) (2.6)
POsF> (1) + 2H" (1) + H,O (1) — PO, (1) + 3H' (I) + HF (g) 2.7)

This result indicates that FEC interacts with the LiPFe salt at the elevated temperature and PFs, as a
strong Lewis acid (LiPF (s) <> LiF (s) + PFs (g)), initiates the FEC decomposition, which leads to the
formation of HF and various acid compounds, as depicted in Figure 2.6a. Unlike FEC with 1.5 M
LiPFg, the discernible color change of EC with 1.5 M LiPFs after storage for 3 days at 60°C was not
observed, as shown in Figure 2.11b. The pH paper dipped in EC with 1.5 M LiPFg stored for 3 days at
60 °C became light red. The Lucht group demonstrated that 1M LiPFs in pure EC treated under N,
reacts very slowly at high temperatures and presence of protic impurities such as H>O and ROH
accelerates thermal decomposition of LiPFs-based electrolyte.” Since the water content of EC-1.5 M
LiPFs is 7.4 ppm, the small amount of POFs causing the EC decomposition may be formed. Because
of this, it is though that the significant thermal decomposition of EC-1.5 M LiPF¢ does not occur.
From the results of Figure 2.10b and 11b, it can be thought that the darkening of color of FEC with
1.5 M LiPF¢ is closely linked to the defluorination of FEC and the acceleration of PFs anion

decomposition induced by the FEC decomposition.
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Figure 2.10 Photographs of the solvent mixtures: (a) FEC, (¢) FEC/DEC (3/7, w/w), and (e) DEC
without salt, and (b) FEC, (d) FEC/DEC (3/7, w/w), and (f) DEC with 1.5 M LiPFs salt before and
after storage for 3 days at 60 °C. (g) Indicator chart for the pH scale.
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A comparison of the thermal stability of FEC with different lithium salts (i.e., LiPFs, LIN(SO,CF3),,
and LiSO3CF3) at 60 °C clearly shows that FEC readily undergoes severe thermal decomposition in
the presence of the LiPF salt and the darkening of color of FEC with 1.5 M LiPFs appears (Figure
2.11c and d); therefore, LiN(SO,CF3), and LiSOsCFj3 salts could be used as alternatives to avoid the
thermal decomposition of FEC at 60 °C because they do not produce the compounds that act as Lewis

acids.
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Figure 2.11 Photographs of 1.5 M LiPF¢in EC (a) before and (b) after storage for 3 days at 60 °C.
Photographs of 1.5 M LiPFg, 1.5 M lithium bis(trifluoromethane)sulfonimide (LiN(SO,CF3),) and 0.5
M lithium trifluoromethane sulfonate (LiSO;CF3) salt dissolved in FEC (c) before and (d) after
storage for 3 days at 60 °C. Indicator chart for the pH scale is presented in Figure 2.10g.
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To elucidate the effect of Lewis acids, such as the PFs formed in LiPFs-based electrolyte, on the
defluorination of FEC, a model experiment was conducted. Tris(pentafluorophenyl)borate (TPFPB),
which is known as a strong Lewis acid, was introduced to FEC without the LiPFs salt. In the presence
of 0.06 M TPFPB, FEC became brown and changed the color of pH paper to reddish after storage for
only 24 h at room temperature, as shown in Figure 2.12a. This is because TPFPB, as a strong Lewis
acid, vigorously interacts with the FEC molecules to extract HF and promotes FEC decomposition.
The decomposition product of 0.06 M TPFPB in FEC after storage for 24 h at room temperature was
confirmed using *C NMR spectroscopy. The peak assigned to the C=C double bond of the VC
molecule appeared at 135.3 ppm in Figure 2.12b. A possible mechanism for HF generation from FEC
by the TPFPB Lewis acid is illustrated in Figure 2.12c: The electron-deficient boron atoms of TPFPB
can interact with the fluorine atoms of the FEC molecules; the resulting strong ion-dipole interaction
causes FEC decomposition to form VC, H', and a TPFPB-F complex. Therefore, it is clear that Lewis

acid promotes dehydrofluorination of FEC and may form olefin motif via E1 pathway, as shown in

Figure 2.6a.
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Figure 2.12 (a) Photographs of 0.06 M tris(pentafluorophenyl)borane (TPFPB) in FEC stored at room
temperature. (b) *C NMR spectrum of 0.06 M TPFPB in FEC after 24 h at room temperature. (c)
Schematic diagram of the interaction between FEC and TPFPB.
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2.4 Conclusion
Our investigation revealed that Lewis acids, such as PFs, in LiPF¢-based electrolytes caused the
defluorination of FEC, which was used as a co-solvent, and consequently, excess HF formed in the
cell. The defluorination of FEC by PFs Lewis acid and the decomposition of PFs™ anions induced by
the FEC decomposition can be accelerated at elevated temperatures. The undesirable formation of
HF and acid compounds that occurs upon defluorination of FEC promoted transition metal ion
dissolution from the LCO-NCM cathode at elevated temperatures; this transition metal dissolution
results in a self-discharge of the Si-C anode in a full cell coupled with an LCO-NCM cathode. As a
result, we have observed inferior cycling properties and storage performance of LCO-NCM/Si-C full
cells with the FEC-based electrolyte at elevated temperatures. We believe that the results of this
study and associated analysis will contribute to the design of electrolyte additives allowing the use of
FEC in LiPFs-based electrolytes and the development of new compounds replacing FEC for lithium

1on batteries.
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I11. Dual-function ethyl 4,4,4-trifluorobutyrate additive for high

performance Ni-rich cathodes and stable graphite anodes

3.1 Introduction
Potential candidates of cathode materials for high energy-density LIB include Ni-rich layered oxides
(LiNixCoyMn,0,, x > 0.6), which can deliver a reversible capacity of ~200 mAh g'.**% However, the

Ni-rich cathodes suffer from structural degradation,”™® low thermal stability,'*’-%2

and parasitic
reactions of electrolytes promoted by highly reactive Ni*" ions generated at the end of the charge
process.'®1% The Ni** species formed in the charged state of the Ni-rich cathode may reduce the
lower valence states of Ni such as Ni*" and Ni** by accepting electrons from the electrolyte near the
cathode surface. Moreover, the Ni** ions created by the reduction of Ni*" at the cathode surface may
lead to cation mixing, a major challenge in Ni-rich cathodes.””® As cation mixing between Ni*" (0.69
A) and Li* (0.72 A) ions takes place owing to their similar size, the surface of layered Ni-rich cathode
materials undergoes a reconstruction from the R3m to a spinel (Fd3m) phase, and eventually to the
rock salt (Fm3m) phase. The Ni** ions located in the lithium layer of the Ni-rich cathode severely
inhibit lithium ion diffusion and lead to poor rate capability of the cathode. Another critical issue
affecting Ni-rich cathodes is intergranular cracking induced by internal stress in the secondary
particles during charge and discharge processes.”® Intergranular cracking between primary particle
aggregates in the secondary particles results in the exposure of fresh cathode particle surfaces to the
electrolyte and repeated irreversible side reactions in the electrolyte upon repeated cycling. The
undesirable electrolyte decomposition in the inner regions of the cathode leads to the accumulation of
non-conductive solid byproducts in the secondary cathode particles, blocks the electronic conduction
paths, and significantly reduces the energy storage ability of the cathode. Therefore, the protection of
the surface of Ni-rich cathodes is a key requirement to inhibit their structural deterioration and
improve their electrochemical properties. The formation of a cathode electrolyte interphase (CEI) via
electrolyte additives is considered a cost-effective and reliable way to achieve the protection of the
cathode, because the stable CEI layer uniformly distributed over the entire cathode surface prevents
its direct contact with the electrolyte and allows homogeneous electrochemical reactions over the
cathode surface. Uniform lithium insertion/deinsertion on the surface of primary cathode particles
tightly aggregated in spherical secondary particles circumvents the structural issues associated with
intergranular cracking induced by anisotropic volume changes. Moreover, the fully developed CEI
effectively prevents further oxidative decomposition of the electrolyte, limits the reduction of Ni** and
Ni*" ions to Ni** by blocking the supply of electrons generated from decomposition of the electrolyte
and/or metastable solid byproducts in the CEI, and is expected to minimize cation mixing between Li*
and Ni?* at the cathode surface. The residual Li species on the Ni-rich cathode surface are detrimental

to the interfacial stability of the cathode, because their direct reaction with LiPFs to form HF may
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promote dissolution of transition metal ions and impair the CEI structure on the electrode.!'*!!! In this
respect, many efforts have been devoted to stabilizing the interface between the Ni-rich cathode and
the electrolyte, using electrolyte additives for in situ fabrication of a thin and stable artificial CEI layer
on the cathode. Yu et al. reported the formation of a protective film on a LiNio7C002Mny O, cathode
through a divinyl sulfone additive composed of sulfone groups (-SO--, the main component of the
protective film) and vinyl (-C=C-) moieties, whose m-electron functionalities contribute to the
formation of a cross-linked protective layer and stabilize the sulfone-based SEI intermediate,
improving the cycling performance of a Li/LiNig7C00.Mno 0 half-cell at high temperatures.'® It
was also demonstrated that thermal polymerization of an epicyanohydrin additive in the SEI covering
the surface of a LiNio6C002Mng20, cathode mitigated its capacity loss at 60 °C.'% In addition, a p-
toluenesulfonyl isocyanate additive produced a CEI containing -S=0O and -NCO functional groups,
protecting the LiNigsCo0o.Mno 30, cathode under high voltages of 4.5 V vs. Li/Li" and thus preventing
the deterioration of the cathode structure, resulting in improved cycling performance.!”” The authors
demonstrated that the S=O functional group can delocalize the electrons of the nitrogen core serving
as a weak basic site to reduce the reactivity of the PFs Lewis acid, and the NCO groups can be
polymerized into a protective film on the LiNipsC002Mno30, cathode. In addition, 1-
propylphosphonic acid cyclic anhydride was found to be an efficient additive to improve the capacity
retention of a LiNipsC002Mno 30 cathode coupled with a graphite anode and reduce the structural
degradation of the cathode.!®® However, a fundamental understanding of the effect of the additives on
the interfacial structure and structural stability of Ni-rich cathodes has not yet been achieved.

Herein, we demonstrate that minimal amounts (1 wt.%) of ethyl 4,4, 4-trifluorobutyrate (ETFB) used
as an electrolyte additive enable the fabrication of high-performance batteries composed of a Ni-rich
layered cathode (LiNig7Co¢.1sMng 1502, NCM) and a graphite anode, at practical mass loading levels
(25.6 mg cm™ for the NCM cathode and 13.6 mg cm™ for the graphite anode). Our investigation
reveals that ETFB forms a stable CEI, resolving critical issues such as poor mechanical integrity,
structural instability, and electrochemical degradation of the NCM cathodes, and ensures the structural
stability of the interface formed at the graphite anode. Electrochemical tests confirm that the solid
electrolyte interface (SEI)-forming ability of ETFB in a full cell exceeds that of vinylene carbonate
(VC), widely used as a standard additive for batteries with a graphite anode. Scanning electron
microscopy (SEM) measurements clearly show that the ETFB-induced CEI significantly reduces
mechanical fractures in NCM secondary particles, associated with severe intergranular cracking. The
favorable effects of ETFB on the surface chemistry of the NCM cathode and graphite anode were
investigated through ex situ X-ray photoelectron spectroscopy (XPS) measurements. We also propose
possible mechanisms by which ETFB, serving as a bifunctional additive, promotes the formation of

the CEI on NCM cathode and the SEI on graphite anode in a full cell.!!?
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3.2 Experimental method

Electrolyte and electrodes

The baseline electrolyte was composed of 1.15 M lithium hexafluorophosphate (LiPF¢) dissolved in a
solvent mixture of ethylene carbonate (EC), ethyl methyl carbonate (EMC), and diethyl carbonate
(DEC) in a 2:5:3 volume ratio. Electrolytes containing 1 wt.% ETFB (> 98%, Sigma-Aldrich) or 1 wt.%
VC (Soulbrain Co., Ltd.) were prepared by adding the corresponding additive to the baseline
electrolyte. All solvents and LiPF¢ salt were purchased from Soulbrain Co., Ltd. The mixed solvents
(EC/EMC/DEC (2/5/3, v/v/v)) were treated with calcium hydride (CaH,, 95%, Sigma-Aldrich) to
minimize the water content, before dissolving LiPFs in their mixture to prepare the electrolytes. The
water content of the electrolytes was confirmed to be less than 10 ppm by Karl-Fischer titration
(Mettler Toledo, C30). The Ni-rich NCM cathode was prepared by coating a slurry composed of 94
wt.% active material, 3 wt.% Super C, and 3 wt.% poly(vinylidene fluoride) (PVDF 6020) dissolved
in anhydrous N-methyl-2-pyrrolidinone (NMP, 99.5%, Aldrich) on aluminum foil, followed by drying
in a convection oven at 80 °C for 30 min. After drying, the electrode was pressed to a thickness of
approximately 15 pum. The thickness, areal capacity, and loading density of the cathode of the half
cells were 15 um, 0.8 mAh cm™, and 4.2 mg cm™, respectively, whereas those of the full cells were 80
um, 4.86 mAh cm?, and 25.6 mg cm?, respectively. The anode consisted of 97.5 wt.% graphite as
active material and 2.5 wt.% binder (1.5 wt.% styrene-butadiene rubber + 1 wt.% sodium
carboxymethyl cellulose) dissolved in distilled water. The thickness, areal capacity, and loading
density of the graphite anode were 83 pum, 4.90 mAh cm™, and 13.6 mg cm?, respectively. To remove

adsorbed water, the electrodes were dried in a vacuum oven at 110 °C for 12 h before cell assembly.

Electrochemical measurements

Electrochemical tests were performed using 2032 coin-type full cells assembled with a microporous
polyethylene film (SK innovation Co., Ltd) separator with thickness and porosity of 20 pm and 38%,
respectively, in an argon-filled glove box (O, and H,O < 1 ppm). NCM/graphite full cells were
galvanostatically precycled at a rate of C/10 between 3.0 and 4.35 V at 25 °C, using a computer-
controlled battery testing equipment (WonATech, WBCS 3000). Constant voltage conditions were
applied at the end of the precycle charging until the current was below C/50. Standard cycling was
conducted on the full cells after precycling at a rate of C/5 between 3.0 and 4.35 V. Constant voltage
conditions were applied at the end of the standard cycle charging until the current was below C/25.
For the evaluation of the cycling performance, the full cells were cycled at a rate of C/2 at 25 or 45 °C.
Constant voltage conditions were applied after every cycle at the end of charging process, until the
current was less than C/25. To examine the effect of the ETFB additive on the high-temperature

storage performance, the full cells were charged up to 4.35 V after precycling at a rate of C/10 and a
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temperature of 25 °C, and then stored for 20 days at 60 °C. Electrochemical floating tests were
performed for 2 h on Li/NCM half cells with baseline and 1% ETFB-added electrolytes, at a constant
voltage of 4.4 V vs. Li/Li".

Characterization

To recover the electrodes for ex situ analysis, the NCM/graphite full cells were carefully disassembled
in a glove box after each electrochemical measurement. The retrieved electrodes were rinsed in DMC
to remove the residual electrolyte and then dried at room temperature in a glove box. The surface and
cross-sectional morphologies of the NCM cathodes were inspected by field emission scanning
electron microscopy (FE-SEM, FEI, Nova NanoSEM). The cross-section of the NCM cathodes was
prepared by an ion-milling system (Hitachi High-Technologies Co., IM4000) equipped with an Ar ion
beam. The surface chemistry of the electrodes was investigated by ex situ XPS (ThermoFisher, K-
Alpha) with Al K, (hv = 1486.6 eV) radiation under ultrahigh vacuum. Before use, all samples were
prepared in an argon-filled glove box, sealed with an aluminum pouch bag under vacuum, and then
rapidly transferred into the vacuum chamber of the XPS instrument to minimize any possible
contamination. The impedances of NCM/graphite full cells after cycling were measured by AC
impedance analysis, using an IVIUM frequency response analyzer over a frequency range from 0.01
Hz to 1 MHz. The fitting of impedance spectra was conducted by using ZVIEW. Inductively coupled
plasma (ICP, Varian, 700-ES) analysis was used to measure the amount of transition metal ions (Co,
Mn, and Ni) in electrolytes kept in contact with delithiated NCM cathodes at 60 °C for 5 days. To
investigate the reactivity of LiPFs with LiOH, '°F nuclear magnetic resonance spectroscopy (NMR,
Agilent, VNMRS 600) was conducted on the baseline electrolyte with and without 1% LiOH, before
and after storing at 60 °C for 3 days. The crystal structure of lithiated graphite anodes recovered from
NCM/graphite full cells after storage at 60 °C was determined using XRD (Rigaku,
D/MAX2500V/PC) with monochromatic Cu K, radiation. The residual amounts of lithium
compounds (LiOH and Li,COs3;) were measured with a potentiometric titrator (Metrohm, 888

Titrando).
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3.3 Results and discussion

Figure 3.1a presents the charge-discharge profiles of NCM/graphite full cells during precycling at
25 °C. The full cells with electrolytes containing 1% ETFB and 1% VC delivered slightly lower
discharge capacities of 194 and 196 mAh g, respectively, compared to those with the baseline
electrolyte, whose discharge capacity was 198 mAh g!. In addition, their initial Coulombic efficiency
(ICE) values (87.4% for ETFB- and 88.0% for VC-containing cells) were lower than that of cells with
the baseline electrolyte (88.8%). The reduced ICE indicates that the ETFB and VC additives consume
the limited number of Li ions and electrons present in a cell to form the SEI and CEI layer at the
electrode-electrolyte interface. To understand the role of VC and ETFB, we compared the dQ/dV
(differential capacity) plots of the full cells, showing the reductive decomposition voltages of the
electrolytes (Figure 3.1b). VC, which is considered a standard additive for SEI formation on the
graphite anode, started undergoing electrochemical reduction at the lowest voltage (onset of 2.86 V
and peak potential of 2.93 V) by accepting electrons at the graphite anode, and a further reduction
peak appeared at around 3.02 V. The high reduction tendency of VC is mostly due to the low energy
of its lowest unoccupied molecular orbital (LUMO) level (Figure 3.1c). This result suggests that VC
predominantly builds up the SEI at the graphite. ETFB, possessing a lower LUMO energy level than
the EC, EMC, and DEC solvents, acted as an electron acceptor at the graphite during precycle
charging and showed two peaks at different voltages (2.95 and 3.04 V) compared to the peaks
associated with EC reduction. The reductive decomposition of ETFB started at a low voltage of 2.95
V, forming reactive radicals that initiated the EC reduction, and a reduction voltage indicating co-
decomposition of ETFB and EC appeared at 3.04 V. Clearer evidence that the ETFB reduction
occurred at around 3 V is provided by the dQ/dV plot of NCM/graphite full cells precycled in EC-free
electrolytes (EMC/DEC/1.15 M LiPFs with and without 1% ETFB, Figure 3.1d). EMC/DEC-based
electrolytes without the reducing EC solvent showed a reduction voltage of 3.40 V, higher than that of
EC-containing electrolytes. This is due to the relatively high LUMO energy levels of EMC and DEC
compared to EC. The introduction of ETFB in the EC-free electrolytes led to the appearance of an
additional reduction peak at 3.02 V with an onset voltage of 2.95 V, and the reduction peak of the
EMC/DEC-based electrolyte was shifted to low voltages. This result suggests that the reactive species
generated from ETFB decomposition promote the reduction of the EMC/DEC-based electrolyte. The
dQ/dV results confirm that ETFB undergoes reductive decomposition at the graphite anode during the
initial charge process and its reactive intermediate species combine with EC molecules to produce the

SEI on the anode.
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Figure 3.1 (a) Charge-discharge curves and (b) dQ/dV plots of NCM/graphite full cells with baseline,
1% ETFB-containing, and 1% VC-containing electrolytes measured at a C/10 rate and 25 °C during
precycling. (¢) Chemical structures and HOMO-LUMO energy values of carbonate solvents (EC,
EMC, and DEC) and additives (ETFB and VC). (d) dQ/dV plots of NCM/graphite full cells with EC-
free electrolytes (EMC/DEC/1.15 M LiPFs with and without 1% ETFB) measured at C/10 rate and
25 °C during precycling. d-ETFB denotes byproducts generated by ETFB reduction.
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Figure 3.2a and b show a comparison of the cycling performance of NCM/graphite full cells
containing baseline, 1% ETFB, and 1% VC electrolytes at a current density of 95 mA g’
(corresponding to a C/2 rate) and temperatures of 25 and 45 °C. Although the baseline electrolyte
delivered a high discharge capacity of 181 mA g! in the first cycle, the capacity continuously
decreased in the subsequent cycles at 25 °C compared to that of the cells with 1% ETFB- and 1% VC-
added electrolytes. At the higher temperature of 45 °C, a more severe capacity degradation was
observed for the baseline electrolyte, which delivered a very low capacity of 50 mAh g (Figure 3.2b).
Since the EC-derived SEI lacks the ability to preserve the electrochemical performance of graphite
anodes, the use of an electrolyte additive capable to form an electrochemically stable SEI is vital. In
fact, VC, the standard additive for graphite anodes, improved the discharge capacity retention of the
full cells from 69.3% (baseline electrolyte) to 77.1% after 300 cycles at 25 °C. Full cells with 1% VC-
added electrolyte delivered a capacity of 133 mAh g and exhibited a significantly improved capacity
retention of 70.1%, compared to the baseline electrolyte (26.5%) at 45 °C. Surprisingly, a superior
cycling stability was achieved for full cells with the 1% ETFB-added electrolyte, which delivered a
high capacity of 153 mAh g with good discharge capacity retention of 83.4% over 300 cycles at
25 °C. This result reveals that ETFB is a more suitable additive for NCM/graphite full cells compared
with VC. A more striking contrast among baseline, 1% VC, and 1% ETFB emerges from Figure 3.2,
which compares the cycling stability of NCM/graphite full cells at 45 °C. The 1% ETFB-containing
cells delivered a discharge capacity of 167 mAh g! and exhibited a superior discharge capacity
retention of 84.8% after 300 cycles, compared to that of baseline (26.5%) and 1% VC (70.1%)
electrolyte-containing cells. This finding suggests that ETFB represents an effective additive for
suppressing the irreversible electrolyte decomposition consuming Li ions and electrons at both
electrodes, thus minimizing the capacity loss of the electrodes during repeated cycling at 25 and 45 °C.
Upon application of a charge voltage cut-off of 4.35 V in the full cell, the voltage of the NCM cathode
reached up to ~4.4 V vs. Li/Li* in the fully charged state. This high voltage, beyond the upper voltage
limit of LiPF¢-based electrolytes (around 4.3 V vs. Li/Li"), may lead to unwanted electrolyte
decomposition at the NCM cathode. Although the VC additive is very effective in stabilizing the
anode-electrolyte interface, its compatibility with NCM cathodes charged up to ~4.4 V vs. Li/Li" may

not be satisfactory.
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Figure 3.2 Discharge capacity and Coulombic efficiency of NCM/graphite full cells during 300
cycles at a C/2 rate and (a) 25 °C or (b) 45 °C. Nyquist plots of NCM/graphite full cells after 300
cycles at (¢) 25 °C and (d) 45 °C. The inset shows an enlargement of the (¢) plot.
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The effect of the electrolytes on the electrode-electrolyte interface was investigated by comparing the
resistance of the NCM/graphite full cells after 300 cycles at 25 and 45 °C (Figure 3.2¢ and d). The
interfacial resistance (Ri+R.), including the resistance of the interfacial layer (sum of CEI and SEI, Ry)
and the charge transfer resistance (R.) of the full cell with the 1% ETFB-added electrolyte was lower
than those of cells with baseline and 1% VC-added electrolytes, as showed in Table 3.1. This result
shows that ETFB promotes the formation of a low-resistance interfacial layer between electrode and
electrolyte and the ETFB-derived CEI and SEI preserves the performances of the NCM/graphite full
cell. Compared to the VC-containing cell, the full cell cycled in the baseline electrolyte at 45 °C
showed a relatively low interfacial resistance. This may be ascribed to thermal instability of the
baseline electrolyte-derived interfacial layer. The fragile and non-uniform baseline electrolyte-derived
interfacial layer is thought to be partially detached from the electrode surface and dissolved into the
electrolyte during repeated cycling at 45 °C. The loss of the resistive baseline electrolyte-derived film

on the electrode surface may reduce the interfacial resistance of the full cells.
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Table 3.1 Impedance parameters obtained from the simulation of NCM/graphite full cells after 300
cycles at 25 and 45 °C. The equivalent circuit, which was used to fit the impedance data, is given
below. R.: electrolyte resistance, Ry: sum of SEI and CEI resistance, R.: charge transfer resistance and

Rioa: ohmic resistance of NCM/graphite full cell

Re Rf Rct
A\ —
Cf Cct
>— >—
Interfacial
Re Rf Rct . RTotal
Q) Q) Q) resistance Q)
(R+R., Q)
Baseline 3.0 3.7 6.3 10.0 13.0
After 300 cycles
1% ETFB 3.1 2.0 5.4 7.4 10.5
at 25 °C
1% VC 2.5 1.12 10.0 11.1 13.6
Baseline 2.2 17.8 21.2 39.0 41.2
After 300 cycles
1% ETFB 2.5 13.2 9.6 22.8 25.3
at 45 °C
1% VC 2.1 20.7 27.2 47.9 50.0
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The undesired decomposition of the electrolyte components in high-voltage cathodes results in the
formation of a resistive surface layer that hampers the electrochemical reaction kinetics and leads to
the interfacial instability of the cathode. In this regard, measuring the anodic currents generated by the
oxidative decomposition of the electrolyte allows determining the role of the electrolyte additives on
the electrochemical properties of high-voltage cathodes. To assess the compatibility of electrolytes
with and without 1% ETFB toward NCM cathodes charged up to 4.4 V vs. Li/Li", we carried out an
electrochemical floating test for measuring the leakage current of Li/NCM half cells at a constant
voltage, as shown in Figure 3.3a. Clearly, the addition of 1% ETFB resulted in reduced leakage
currents at 4.4 V relative to the baseline electrolyte. Owing to the slightly higher HOMO level of
ETFB relative to the EC solvent, ETFB underwent electrochemical oxidation prior to the
decomposition of the EC-based electrolyte at the cathode during the initial charging process, and the
ETFB-derived surface layer formed on the NCM cathode effectively blocked the electrochemical
decomposition of the electrolyte generating anodic currents. It can be expected that the enhanced
anodic stability of the electrolyte upon 1% ETFB addition has a marked effect on the interfacial
stability of the NCM cathode upon repeated cycling and on the cycling performance of full cells based
on NCM cathodes at 25 and 45 °C. Further evidence of the positive impact of the ETFB additive on
the interfacial stability of the NCM cathode materials is provided in Figure 3.3b. To investigate the
effect of the surface characteristics of the NCM cathodes on the dissolution of metal ions, NCM
cathodes recovered from Li/NCM half cells charged up to 4.4 V in the electrolyte with and without 1%
ETFB were soaked in 1.15 M LiPFs dissolved in EC/EMC/DEC and then stored at 60 °C for 5 days.
The amounts of Co, Mn, and Ni metal ions in the electrolyte set in contact with the NCM cathode
charged in the baseline electrolyte were 20.6, 9.7, and 129.0 ppm, respectively (Figure 3.3b). The
significant dissolution of transition metal ions from the NCM cathode in a fully charged state may be
explained by the mechanisms discussed in the following. Although the baseline electrolyte forms the
CEI on the NCM cathode, the formed CEI layer does not maintain full surface coverage on the
cathode particles at 60 °C, resulting in the exposure of the cathode surface to the electrolyte.
Therefore, the electrolyte makes direct contact with the NCM cathode containing strongly oxidizing
Ni*" species, leading to unwanted electrolyte decomposition with loss of electrons that can in turn
reduce the transition metal ions. For instance, Ni*" ions in the layered structure of the fully charged
NCM cathode may be reduced to Ni*" by accepting electrons produced from the oxidative
decomposition of the electrolyte, and the generated Ni** ions at the NCM cathode tend to combine
with HF to form the resistive NiF, compound and dissolve into the electrolyte. It should be noted that
HF is inevitably produced in LiPFs-based electrolytes, because the LiPF¢ion pair readily undergoes
hydrolysis reactions accompanied with HF formation in the presence of water traces within the cell. In

contrast, the dissolution of Co, Mn, and Ni metal ions from the NCM cathode charged in the
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electrolyte with 1% ETFB was considerably lower. This finding reveals that ETFB alters the surface
chemistry of the NCM cathode during the initial charging process, and the ETFB-derived CEI layer
covering the NCM cathode particles has sufficient thermal stability to limit electrolyte oxidation and

prevent HF-induced dissolution of metal ions from the NCM cathode during storage at 60 °C.
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Figure 3.3 (a) Potentiostatic profiles of Li/NCM half cells with baseline and 1% ETFB-containing
electrolytes measured at a constant voltage of 4.4 V vs. Li/Li* for 2 h. (b) ICP results showing the
amounts of transition metals (Ni, Co, and Mn) dissolved from fully delithiated NCM cathodes
covered by a baseline or ETFB electrolyte-derived interfacial layer after storage at 60 °C for 5 days.
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Importantly, the Ni-rich cathodes suffer from the increased pH value of the cathode materials in water
to around 11-12 caused by the Li-based residues (LiOH and Li»CO; formed by the reaction of Li,O
with moisture and CO; in air), which also lead to issues such as the formation of composite gels in the
NMP solvent. The NCM cathode used in this study exhibited larger amounts of Li>COs; (3600 ppm)
and LiOH (3000 ppm) compared to LiCoQO», which is the cathode typically used in commercial Li-ion
batteries (Figure 3.4a). In particular, LiOH molecules physically anchored on the NCM cathode
surface may trigger the hydrolysis of LiPFs producing HF, as depicted in Figure 3.4b. The key feature
in this process is the reaction between PFs produced from LiPF¢ decomposition and LiOH, to form HF
in the vicinity of primary NCM cathode particles, which promotes the dissolution of transition metal
ions from the cathode. The highly reactive OPF; species may undergo further hydrolysis with water
traces in the cell to form additional HF and acidic compounds (HPO,F,). The NiF, formed by the
reaction between HF and Ni** leads to a reduction in the number of energy storage sites and a
corresponding capacity loss of the cathode. The reactivity of LiPFs with LiOH was explored by
measuring the ’F NMR spectra of the electrolytes with and without LiOH after storage at 60 °C for 3
days. The "°F NMR spectra of the electrolytes before storage show two pronounced doublet peaks at -
71.8/-73.1 ppm, corresponding to the PFs anion, and -82.1/-83.7 ppm, attributed to the PO,F," anion
(Figure 3.4c-f). The appearance of the PO,F, peak indicates that the hydrolysis reaction of LiPFg
shown in Figure 3.4g occurs at room temperature. The baseline electrolyte without LiOH underwent
mild hydrolysis to generate PO,F, and did not produce PO;F*, even after storage at 60 °C for 3 days.
Surprisingly, a doublet peak near -75 ppm, which can be attributed to PO;F*, appeared when 1%
LiOH was present in the baseline electrolyte. In addition, the "F NMR spectrum of the baseline
electrolyte with 1% LiOH (Figure 3.4e and f) exhibited the characteristic resonance of HF at -192.3
ppm. This result reveals the occurrence of a parasitic reaction between LiOH and LiPFe, generating
HF, HPOsF,, and H,POsF, as shown in Figure 3.4g. Therefore, it is clear that the undesirable and
uncontrollable transformations of the NCM particles promoted by LiOH are suppressed by the ETFB-
derived protective surface film, which prevents the direct contact between electrolyte and lithium

residues on the cathode surface, so that the dissolution of transition metal ions is effectively reduced.
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Figure 3.4 (a) Li»CO; and LiOH contents of NCM and LiCoO, cathode powders. (b) Possible
formation mechanisms of HF and NiF; triggered by the reaction of LiOH with PFs generated by LiPFg
decomposition. ’F NMR spectra (564 MHz, deuterated solvent, THF-Ds) of baseline electrolyte
without (c) and (e) and with (d) and (f) 1% LiOH, before and after storage at 60 °C for 3 days. (g)
Hydrolysis reactions of LiPF¢ promoted by LiOH.



Besides the issues associated with the lithium residues, the poor mechanical integrity of primary NCM
particles forming secondary particles upon repeated charge-discharge cycles should also be addressed.
The intergranular cracking of Ni-rich layered cathodes, considered as one of the main causes of their
poor long-term cycling performance, was investigated by examining the cross-sectional SEM images
of cycled NCM cathodes. Severe intergranular cracking occurred within secondary NCM particles
retrieved from full cells cycled in the baseline electrolyte during 300 cycles at 25 and 45 °C (marked
as yellow arrows in Figure 3.5a and c. This probably occurs because the non-uniform CEI layer
formed by decomposition of the baseline electrolyte at the NCM cathode is electrochemically and
thermally unstable and undergoes significant changes in composition and structure. This effect may
increase the heterogeneity of Li intercalation and deintercalation across the NCM particle surfaces.
Microcracking, resulting in a reduced connectivity of primary particle grains within the secondary
NCM particles, was clearly observed on the surface of the secondary particles (Figure 3.5g and h).
Notably, the intergranular cracking inside secondary NCM particles was more severe at higher
temperature (45 °C). This finding demonstrates that the baseline electrolyte-derived CEI is vulnerable
not only to the anisotropic strain induced by non-uniform Li intercalation and deintercalation, but also
to high temperatures. The damaged CEI does not protect the primary NCM cathode particles inside
secondary particles from HF attack, leading to considerable dissolution of metal ions into the
electrolyte, as illustrated in Figure 3.5¢. In addition, the electrolyte components decompose at the
cathode surfaces exposed via intragranular cracking of secondary NCM cathode particles, and the
electrolyte decomposition byproducts are accumulated inside the secondary particles. These
byproducts, formed by side reactions at grain boundaries, result in poor electrical contact between the
primary particles and lead to capacity and power degradation of NCM cathodes.!'> The marked
mechanical deterioration of the NCM cathode is associated with the capacity fading of NCM/graphite
full cells containing the baseline electrolyte, as shown in Figure 3.2a and b. In contrast, no significant
intergranular cracking within the secondary NCM cathode particles was observed when the ETFB
additive was used (Figure 3.5b and d), and the surface morphology of densely aggregated secondary
NCM nparticles was preserved even after 300 cycles at 25 °C (Figure 3.51 and j). The superior
mechanical integrity of the NCM cathode achieved with the ETFB-added electrolyte can be explained
by the uniform coverage of the ETFB-derived CEI on the NCM cathode particles. As schematically
illustrated in Figure 3.5f, the ETFB-derived CEI served as an efficient protective film to ensure
homogeneous Li intercalation and deintercalation across the NCM cathode surfaces upon repeated
cycling. Manthiram et al. reported that the formation of microcracks between primary particles within
a Ni-rich cathode (LiNip9Co00sMnoosO2) was due to the detrimental lattice contraction and/or

expansion arising from the rhombohedral H2—H3 phase transition during cycling; the severe
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anisotropic strain induced by high-voltage cycling exacerbates the fragmentation of the primary

particles and the generation of microcracks between primary particles.”
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Figure 3.5 Cross-sectional SEM images of NCM cathodes retrieved from NCM/graphite full cells
with (a) baseline and (b) 1% ETFB-containing electrolytes after 300 cycles at 25 °C, and (c) baseline
and (d) 1% ETFB-containing electrolytes after 300 cycles at 45 °C. Schematic illustration of the
functions of (e) baseline electrolyte-derived SEI and (f) ETFB-derived SEI. Top view of NCM
cathodes retrieved from NCM/graphite full cells with (g) baseline and (i) 1% ETFB-containing
electrolytes after 300 cycles at 25 °C. The yellow arrows highlight intergranular cracking in NCM
secondary particles. The (h) and (j) panels show magnified images corresponding to the orange boxes

in (g) and (i), respectively.
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To further understand the origin of intergranular cracking in the NCM cathode, the potential of the
cathode in a full cell configuration was monitored using a three-electrode pouch full cell with a NCM
cathode, a graphite anode, and a Li reference electrode. The charge and discharge voltage profiles of
the NCM cathode and graphite anode during 300 cycles at 25 °C in a three-clectrode pouch full cell
containing the baseline electrolyte are shown in Figure 3.6a and b, respectively. The figures clearly
highlight continuous changes in the charge and discharge voltages of both electrodes. This indicates
that the baseline electrolyte does not form a stable interface between the electrode and the electrolyte
during short-term cycling; hence, the voltages of both electrodes show a large capacity fading during
charge-discharge cycling. Relatively stable charge and discharge voltage profiles were achieved for
both the NCM cathode and graphite anode in the ETFB-added electrolyte (Figure 3.6¢ and d). This
can be mainly ascribed to the stable interface formed by ETFB. Another interesting effect is the
significant difference in the end-of-charge voltages of both electrodes, depending on the electrolyte.
The end-of-charge voltages of NCM cathodes and graphite anodes determined by a Li metal reference
electrode during cycling are important indicators of the actual charged states of both electrodes in a
full cell. Significantly higher end-of-charge voltages were observed for a three-electrode pouch full
cell containing the baseline electrolyte over 200 cycles, compared to the 1% ETFB electrolyte, as
shown in Figure 3.6¢ and f. Since high voltages cause side reactions of the electrolyte and lead to high
delithiation of the NCM cathode, electrochemical degradation of full cells with the NCM cathode and
severe microcracking in secondary NCM particles are unavoidable with the baseline electrolyte.
Importantly, the ETFB additive attained stable charge-discharge voltages of the graphite anode upon
repeated cycling in a full cell, as well as lower end-of-charge voltages, indicating that the desired
lithiation state was maintained (Figure 3.6d). This finding reveals that the ETFB additive forms a
suitable SEI, capable of stabilizing the interface between graphite and electrolyte, and allowing

reversible lithiation and delithiation of the graphite anode without generating large overpotentials.
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Figure 3.6 Charge and discharge voltage profiles of NCM cathodes vs. Li/Li" in three-electrode
pouch full cells based on NCM/Li/graphite (a) without and (c) with 1% ETFB-added electrolyte.
Charge and discharge voltage profiles of graphite anodes vs. Li/Li" with (b) baseline and (d) 1%
ETFB-added electrolytes during cycling at 25 °C. The black dashed boxes show the voltages of the
NCM cathode and graphite anode in the three-electrode pouch full cells at the end of the charge
process. End-of-charge voltages of (¢) NCM cathode and (f) graphite anode vs. Li/Li*.
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The cycling properties of three-electrode pouch full cells with and without 1% ETFB were consistent

with the performance measured with coin-type full cells (Figure 3.2 and 7).
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Figure 3.7 Cycling performance of three-electrode pouch full cells based on NCM/Li/graphite with
and without 1% ETFB-added electrolyte at C/2 rate and 25 °C.
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The effect of ETFB on the interface structure of NCM cathodes and graphite anodes was confirmed
by ex situ XPS measurements. The XPS spectra of the NCM cathode surface showed distinct F 1s
core level peaks, assigned to the C-F bond of the PVDF binder, the P-F moiety of decomposition
byproducts of the LiPFs salt, and LiF. The intensity of the NiF, peak at 685.6 eV after precycling in
the baseline electrolyte was significantly higher compared to that measured in the ETFB-containing
electrolyte (Figure 3.8a and b). The appearance of a more pronounced NiF, peak for the baseline
electrolyte is due to the corresponding decrease in the coverage of NCM particles with formation of a
non-uniform CEI on the cathode, whose surface becomes more accessible to HF to form NiF,
according to the 2HF (g) + Ni*" (1) — NiF (s) + H, (g) reaction. HF is unavoidably generated by
hydrolysis of LiPFs in presence of water traces and by PFs hydrolysis (LiOH (s) + PFs (g) — HF (g) +
LiF (s) + POF; (s)) promoted by LiOH on the cathode surface. The intensity of the P 2p core level
peaks corresponding to LiPF,, LixPOF,, and phosphate (P-O) was considerably reduced for the
NCM cathode containing 1% ETFB compared to the baseline electrolyte, as shown in Figure 3.8c and
d. This reflects the protection of the ETFB-derived CEI film on the cathode, which prevents its direct
contact with LiPFs, thus suppressing LiPFs decomposition. The comparison of the C 1s core level
peaks of NCM cathodes precycled in the electrolyte with and without ETFB confirms the formation of
the ETFB-derived CEI on the cathode (Figure 3.8¢ and f). A peak attributable to the CF3moiety was
observed around 292 eV in the C 1s core level spectrum of the NCM cathode precycled with the
ETFB-added electrolyte. The appearance of this peak and the increased relative fraction of the -CO»-
peak in the C 1s core level spectrum of Figure 3.8f provide clear evidence that the oxidative
decomposition of ETFB contributes to modify the interface structure of the NCM cathode. Figure 3.9
shows the F 1s, P 2p, and C 1s XPS spectra of graphite anodes retrieved from NCM/graphite full cells
with and without 1% ETFB after precycling. Although the peak intensity associated with LiPFs
byproducts (Li\PO,F, and phosphate (P-O)) was reduced, the LiF peak intensity on the graphite anode
showed a slight increase (Figure 3.9a-d). This suggests that the fluorine atoms of the CF3; moiety of
ETFB contribute to LiF generation under a strongly reducing environment, as indicated by low
voltages (near 0 V vs. Li/Li"). Besides peaks attributed to three types of carbon (CO,, C-O-C, and C-
H), ETFB led to the appearance of a new peak around 290.6 eV in the C 1s XPS spectra, which was
not observed in the baseline-derived SEI on the graphite anode (Figure 3.9¢ and f).
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This new peak can be assigned to carbon bonded to fluorine (-CF»-) moieties produced by ETFB
reduction. Based on the XPS results, the possible mechanisms of ETFB decomposition to form the
CEI on the NCM cathode and SEI on the graphite anode are illustrated in Figure 3.10. The reductive
decomposition of ETFB at the graphite anode likely proceeds according to two possible reaction
routes, including the decomposition of carbon radical (CF3-CH,-CH,-C=0) and carboxylate (CF;-
CH,-CH,-COO") species that attack the C-1 position of the EC molecule."'*'"® CF3-CH,-CH,-C=0
(via cleavage path I in the ETFB reduction scheme of Figure 3.10a) and CF3-CH»-CH,-COO" (via
cleavage path II) may undergo co-decomposition with the EC molecule and further decomposition to
form (-CF»-)-containing polymeric compounds and LiF, as shown in Figure 3.10a. In addition to the
reductive decomposition, two possible mechanisms for ETFB oxidation on the NCM cathode surface
are proposed in Figure 3.10b.'"'2° The CF;-CH,-CH, radical species produced via cleavage path III
in the ETFB oxidation scheme may decompose by interacting with the EC molecule and induce the
formation of CFs-containing compounds on the NCM cathode. Another CF3;-CH,-CH,-C=0"
intermediate, generated via cleavage path IV, may lose an electron and react with the EC molecule to
form CF5-CH,-CH,-COy", with evolution of C;Hs and CO,. Unlike the ETFB reduction mechanism, it
is plausible that the oxidation of ETFB at the NCM cathode does not generate LiF, because no
increase in LiF peak intensity was observed in the F 1s core level spectra of the NCM cathode
precycled in ETFB-added electrolyte. According to the XPS results, ETFB participates in the CEI
formation on the NCM cathode and simultaneously controls the interface structure at the graphite

anode surface.
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Figure 3.11 shows the high-temperature storage performance of fully charged NCM/graphite full cells
with and without 1% ETFB. The thermal stabilities of the baseline- and ETFB-derived interfacial
layer protecting the electrodes were compared by monitoring the open circuit voltage (OCV) drop and
the capacity retention of full cells during storage at 60 °C. The ability to suppress the OCV drop,
indicating self-discharge of fully charged full cells, was found to be higher for the ETFB-containing
electrolyte compared with the baseline one. In addition, the full cell with 1% ETFB delivered a
discharge capacity of 161 mAh g, much higher than that (139 mAh g') of cells containing the
baseline electrolyte, as well as a greatly improved capacity retention rate of 83.0%, as shown in
Figure 3.11b. Along with the thermal instability of the SEI that consumes Li ions at the graphite anode,
capacity loss may also be due to the cathodic deposits of dissolved transition metal ions from the
NCM cathode during storage at 60 °C. The evaluation of the capacity of full cells after storage for 20
days at 60 °C allows measuring the recovery capability of the battery from high-temperature storage
tests. As shown in Figure 3.11¢, more than 81% of the lost capacity (33 mAh g') was recovered in the
NCM/graphite full cell with 1% ETFB. In comparison, the full cell containing the baseline electrolyte
recovered only 60% of the lost capacity during storage for 20 days at 60 °C. Li ions, stored in the
graphite anode as electrical energy, can be removed by re-lithiation into the cathode and irreversible
parasitic reactions at the anode. The lower capacity recovery of full cells containing the baseline
electrolyte reveals that the baseline electrolyte-derived SEI does not represent a thermally stable
interface layer and results in side reactions severely consuming Li ions at the graphite anode. Figure
3.11d provides direct evidence of the positive impact of ETFB on the conservation of the lithiation
degree of the graphite anode in a full cell at 60 °C. The XRD patterns of lithiated graphite anodes
exhibited two graphite phases, LiC¢ and LiC;2, corresponding to the peaks at 24.1° and 25.3°,
respectively. A more significant decrease in the peak intensity corresponding to LiCs was observed for
the NCM/graphite full cell containing the baseline electrolyte, stored at 60 °C. The increased and
decreased intensities of the LiC» and LiCs peaks, respectively, indicate delithiation of the charged
graphite anode. Most importantly, ETFB effectively maintained the lithiation degree of the charged
graphite anode (Figure 3.11d). These results confirm that the ETFB-derived interfacial layer possesses
sufficient thermally stability to preserve the lithiation degree of the graphite anode and prevent the

dissolution of transition metal ions from the NCM cathode at 60 °C.
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3.4 Conclusion

The present work showed that the uniform CEI layer created by the ETFB additive allowed
homogeneous lithiation and delithiation of NCM cathodes suppressing intergranular cracking within
secondary cathode particles, avoided significant dissolution of transition metal ions from the cathode,
and inhibited continuous electrolyte decomposition at the cathode upon repeated charge-discharge
cycling. Cycling tests performed on NCM/graphite full cells confirmed that ETFB led to substantially
improved discharge capacity retention and high Coulombic efficiency during long-term cycling at
high temperature. Furthermore, our investigation revealed that the ETFB additive altered the surface
chemistry of the graphite anode coupled with the NCM cathode, and the ETFB-derived SEI formed
on the anode effectively reduced the unwanted self-discharge of the charged graphite anode at 60 °C.
The results of this study will contribute to further improve the design of electrolyte additives that can
develop interface architectures of electrodes for long-lasting batteries without sacrificing energy

density by constructing a controlled and stable interfacial layer.
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IV. Cyclic Amino-Silane-Based Additive Ensuring Stable Electrode-

Electrolyte Interfaces in Li-Ion Batteries

4.1 Introduction

Ni-rich cathodes, LiNi\CoyMn,O; (x + y + z= 1, x > 0.6), are considered possible candidates for LIBs
owing to their high operating voltages and capacities, low cost, and nontoxicity. However, the
successful commercialization of Ni-rich cathodes has been inhibited by their structural degradation
under high operating voltages as well as parasitic reactions between electrolytes and highly reactive
Ni**, which induce the oxidative decomposition of the electrolyte.'?! The formation of a protective

122-123 or the in situ

film on the Ni-rich cathode surface through the direct coating of an artificial layer
generation of a cathode—electrolyte interphase (CEI) by electrolyte additives 124126 has been explored
as a solution to the problem of interfacial instability of Ni-rich cathodes. Constructing a stable CEI is
considered imperative for enhancing the structural stability and electrochemical performance of Ni-
rich cathodes. In addition, the stability of the electrolyte should be considered in detail. Commercial
electrolytes for LIBs generally consist of 1 M lithium hexafluorophosphate (LiPFe) in a mixture of
cyclic and linear carbonate solvents. LiPFs has been commonly utilized as a salt, owing to its high
ionic conductivity, relatively good oxidation durability, and compatibility with Al current collectors in
LIBs.!2128 However, LiPFe also has inherent negative characteristics, including a low thermal
stability and a high susceptibility toward trace amounts of water, resulting in the generation of
reactive acidic compounds such as PFs and HF. '-3! Ag corrosive substances, PFs and HF induce
solvent decomposition and degrade the structural stability of the solid—electrolyte interphase (SEI)
and CEI;**135 these interphases are necessary to alleviate the deterioration of electrodes during
repeated cycling and under harsh conditions.!** Moreover, HF promotes transition-metal dissolution
from the cathode, causing an undesirable loss of the Li storage sites responsible for the capacity of
LIBs."*” Therefore, scavenging reactive species such as PFs and HF is considered crucial for realizing
high-performance LIBs.

It has been reported that compounds bearing a trimethylsilyl (TMS) group can effectively capture the
F- ions from HF.!*%13° Furthermore, N with a filled orbital can form a coordination complex with the
strong Lewis acid PFs, which is an intermediate that promotes the hydrolysis of LiPFs to produce
acidic compounds, and it can scavenge the proton of acidic compounds (HF, HPOF,, and
H,POsF).!%192 In this regard, the combination of TMS and N-containing groups is regarded as a very
effective molecular design for improving the stability of LiPFs-based electrolytes in LIBs. Although
aminosilanes (N-Si) are suitable for scavenging both HF and H>O,'*"'* the underlying mechanisms
of these processes are not fully understood.

Herein, we present 3-(trimethylsilyl)-2-oxazolidinone (TMS-ON) as an electrolyte additive for high-
energy-density LIBs. The effect of TMS-ON addition on three aspects was systematically analyzed: (1)
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the stability of the LiPFs-based electrolyte, (2) the interfacial stabilities of the electrodes, and (3) the
changes in the microstructures of the Ni-rich LiNig7C0¢.1sMng 1502 (NCM) cathode upon cycling.
Computational studies and nuclear magnetic resonance (NMR) measurements revealed that TMS-ON
enhances the dissociation of LiPFs by the coordination of the TMS-ON carbonyl with a Li* ion,
alleviates the hydrolysis of LiPFe by stabilizing PFs, and scavenges HF. In addition, HF scavenging by
TMS-ON was shown to produce 2-oxazolidinone (ON), which appropriately modifies the interface
structures of both the NCM cathode and the graphite anode. The interfacial structures of both the
cathode and anode were confirmed by X-ray photoelectron spectroscopy (XPS) and the distinctive
nature of the ON-derived CEI was identified by three-dimensional (3D) visualization using time-of-
flight secondary ion mass spectrometry (TOF-SIMS). High-resolution transmission electron
microscopy (HR-TEM) and electron energy loss spectroscopy (EELS) clearly demonstrated that the
ON-derived CEI mitigates the unwanted electrolyte decomposition at NCM cathodes and alleviates

the irreversible phase transformation of NCM cathodes.
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4.2 Experimental method

Electrolyte and electrodes

The baseline electrolyte consisted of 1 M LiPFs dissolved in a solvent mixture of EC, EMC, and DEC
(3:4:3, vol%) with 1% VC. All solvents and the salt were purchased Soulbrain Co., Ltd. The TMS-
ON- and ON-containing electrolytes were prepared by adding 0.5% TMS-ON (98%, TCI Co., Ltd.) or
0.5% ON (98%, TCI Co., Ltd.) to the baseline electrolyte. All the electrolytes were confirmed to
contain less than 10 ppm of water by Karl Fischer titration (C30, Mettler Toledo).

The Ni-rich NCM cathodes were composed of 94 wt.% NCM as the active material, 3 wt.%
conducting materials (2 wt.% Super C + 1 wt.% graphite), and 3 wt.% poly(vinylidene fluoride)
(PVDF 6020). The thickness, specific capacity, and loading density of the cathode were 80 um, 4.7
cm?, and 24.9 mg cm, respectively. The graphite anodes were composed of 97.5 wt.% graphite as
the active material and 2.5% wt.% binder (1.5 wt.% styrene-butadiene rubber and 1 wt.% sodium
carboxymethyl cellulose). The thickness, specific capacity, and loading density of the anode were 83
um, 5.0 mA h cm™?, and 13.9 mg cm?, respectively. All the electrodes were provided by Hyundai
Motor Co., Ltd.

Electrochemical measurements

The 2032 coin-type full cells consisting of a Ni-rich NCM cathode and a graphite anode were
assembled in an argon-filled glove box (O, and H>O < 1 ppm). Each cell contained a polyethylene (PE,
SK Innovation Co., Ltd.) separator with a porosity of 38% and a thickness of 20 pm. The amount of
electrolyte per coin cell was 0.062 g. Galvanostatic cycling was conducted between 3.0 and 4.35 V at
25 °C and 45 °C using a battery measurement system (WBCS 3000, WonATech Co., Ltd.). The
current densities used for precycling and cycling of the full cells were 0.47 mA c¢cm? (0.1C) and 2.35
mA c¢m? (0.5C), respectively. The impedances of the NCM/graphite full cells were measured by AC
impedance analysis using an [IVIUM frequency response analyzer over the frequency range from 0.01

Hz to 1 MHz. Fitting of the impedance spectra was conducted using ZVIEW software.

Characterization

To analyze the electrolyte decomposition reactions, the electrolytes were monitored by 600 MHz 'H
NMR spectroscopy and 564 MHz '°F NMR spectroscopy (VNMRS 600, Agilent) using a coaxial-type
tube. All the electrolytes were stored in PTFE tubes (BK Instrument Inc.) to prevent chemical
reactions between HF and glass, and THF-dg (99.5%, NMR grade, BK Instruments Inc.) with 1%
hexafluorobenzene (CsFs, 99.5%, NMR grade, Sigma-Aldrich) as an internal standard for '’F NMR
analysis was stored in a glass tube (NES-600, OPTIMA). ICP-OES (700-ES, Varian) was used to

determine the amount of transition metal ions (Ni, Co, and Mn) in the electrolytes stored with
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delithiated NCM cathodes at 45 °C for 7 days. After each electrochemical measurement, all the
electrode samples were prepared in an argon-filled glove box. The retrieved electrodes were rinsed
with dimethyl carbonate to remove the residual electrolyte and then dried in the glove box. To avoid
contamination of the cycled electrodes with air or moisture contamination, an XPS (SIGMA PROBE,
Thermo) equipped with an Al Ka (1486.6 eV) X-ray source and directly connected to the glove box
was used to investigate the surface chemistry of the electrodes. All binding energies were calibrated to
the C—C bond (285.0 eV). TOF-SIMS (TOF-SIMS 5, ION TOF) was used to analyze the surface
chemical structure and for depth profiling. The pressure of the analysis chamber was maintained
below 10 mbar. A Bi'* primary ion beam (25 keV, 1 pA) in high-current mode was used for surface
analysis and the typical sputtering area was 500 x 500 um?. Furthermore, a Cs" sputtering ion beam
(500 eV, 22 nA) was used to scan crater areas (typically 200 x 200 um?) and for depth profiling (50 x
50 um? measurement area). All mass spectra were acquired in negative polarity with a mass resolution
of >5000. HR-TEM (JEM-2100F, JEOL) and STEM images were acquired at 300 kV to investigate
the structural degradation of the Ni-rich NCM cathodes at the atomic level. EELS was used to assess
the electronic structure of the Ni-rich NCM cathodes containing the valence states of transition metals.
Microcracking of the secondary Ni-rich NCM particles was observed by cross-sectional scanning
electron microscopy (SEM, Verios 460, FEI). The cross-sectional samples for TEM and SEM
measurements were prepared using a dual-beam focused ion beam (Helios Nano Lab 450, FEI) and an

ion-milling system (HITACHI IM4000, Hitachi High-Technologies), respectively.

DFT calculation

DFT calculations performed using the DMol® program were used to elucidate the effect of TMS-ON
in electrolytes. The Becke three-parameter hybrid functional combined with the Lee—Yang—Parr
correlation functional (B3LYP) was used for the exchange correlation energy. To describe the van der
Waals interactions accurately, the long-range dispersion correction was taken into account with the
semi-empirical DFT-D2 method suggested by Grimme. The spin-polarized calculation was used with
version 4.4 of the double numerical plus polarization (DNP) basis set. All electron relativistic core
treatments were conducted with a global orbital cutoff radius of 4.5 A. The convergence criteria for
the geometry optimization were 1.0 x 10~ Ha for energy, 0.002 Ha A-! for force, and 0.005 A for

displacement.
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4.3 Results and discussion

LiPFs, utilized commonly as a salt in electrolytes for LIBs, exists in several forms, including ion-
paired LiPFg, which is not completely dissociated by solvent molecules, and solvated Li* and PFs.
Ion-paired LiPFs is prone to autocatalytic decomposition to form LiF and PFs, and this process is
accelerated at high temperatures. As a strong Lewis acid, PFs is a highly reactive species that can

induce the decomposition of cyclic carbonates such as ethylene carbonate (EC) and structurally

damage both the CEI and SEI formed on the cathode and anode surfaces, respectively.'**!3* In

addition, PFs reacts with water to produce highly reactive POF;, HF, and phosphoric acid compounds
(HPOF,, H,POsF, and H3PO,). Furthermore, PF¢ formed by dissociation of LiPFs in the electrolyte
reacts directly with water to produce HPO,F, and HF.!*>1%6 HF in the electrolyte not only leaches the
transition metal ions from the cathode but also causes severe damage to the CEI and SEIL'¢ In this
regard, inhibiting the generation of reactive species (HF and PFs) in LiPFe-based electrolytes is

essential for achieving high-performance batteries (Figure 4.1).
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Figure 4.1 Schematic illustration of the hydrolysis of LiPFs to generate acidic compounds in the
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TMS-ON contains an aminosilane moiety, which has a high affinity forward HF, and a polar cyclic
structure that can effectively interact with a Li* ion, thus improving the extent of LiPF¢ dissociation
and reducing the formation of ion-paired LiPFs, which readily undergoes hydrolysis by reacting with
trace water to produce acidic compounds such as HF and phosphoric acid compounds.!?13! The Si
atom in the N—Si moiety of TMS-ON can effectively take up a fluoride anion to form a pentavalent
silane intermediate that subsequently produces trimethylsilyl fluoride (TMSF).!4*14 Thus, it is likely
that HF in LiPFs-based electrolytes can be eliminated by decomposition of TMS-ON into TMSF and
ON (Figure 4.2a). To analyze the action mechanism of TMS-ON toward LiPFs in the bulk electrolyte,
density functional theory (DFT) calculations were conducted. We first investigated the formation
energy of the electrolyte components interacting with a Li* ion and found the most
thermodynamically stable configurations to describe the state of the electrolyte components more
accurately (Figure 4.2b). A comparison of the most stable formation energies for Li* ion complexation
with EC, ethyl methyl carbonate (EMC), diethyl carbonate (DEC), vinylene carbonate (VC), ON, and
TMS-ON revealed that the TMS-ON-Li" complex has the lowest energy of -0.81 eV, indicating that
this is the most favorable structure. Further evidence was provided by electrospray ionization mass
spectrometry (ESI-MS), which revealed various clusters including Li* and TMS-ON, such as
Li"(TMS-ON), Li (TMS-ON)(EC), and Li"(TMS-ON),. This result clearly demonstrates that the
dissociation of LiPFs is improved by the introduction of TMS-ON (Figure 4.3).
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Figure 4.2 (a) HF and H,O scavenging mechanism of TMS-ON. (b) Determination of the most stable
states of TMS-ON, ON, VC, EC, EMC, and DEC coordinated with Li* based on the formation
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Based on the stable configurations of the complexes between Li* and solvents or additives in the
electrolyte, the PFs stabilizing effects of the carbonate solvents (EC, EMC, DEC, and VC), ON, and
TMS-ON were confirmed by DFT calculations (Figure 4.4a). The PFsbinding energies of TMS-ON
and ON (-1.28 and -0.73 eV, respectively) indicated that PFs binds more strongly to these compounds
than to the carbonate solvents. This phenomenon occurs because the N atoms in TMS-ON and ON are
Lewis base sites that can effectively interact with the Lewis acid PFs. In addition, the binding distance
between the N site and PFs for TMS-ON (1.95 A) is shorter than that for ON (2.31 A), which implies
that TMS-ON stabilizes PFs more effectively owing to the electron-donating nature of the TMS
functional group. To confirm the effect of PFs stabilization on the hydrolysis of LiPFs, the reaction
between PFs and H>O was calculated with and without the TMS-ON-Li" complex (Figure 4.4b). The
hydrolysis reaction of PFs without the TMS-ON-Li" complex is energetically favorable, as shown by
the negative heat of reaction, whereas the hydrolysis reaction of PFs with the TMS-ON-Li" complex
has a positive heat of reaction and a relatively high energy barrier. In particular, owing to the strong
interaction between PFs and the TMS-ON-Li" complex, there is a higher energy barrier for adsorption
of a H,O molecule on PFs when TMS-ON is present (i.e., 0.54 ¢V with the TMS-ON-Li" complex and
0.10 eV without the TMS-ON-Li" complex). In contrast, when TMS-ON is not present, the adsorption
of H>O molecule stabilizes PFs, resulting in a low energy barrier and a high heat of reaction.

Additionally, as shown by the reaction energy diagrams calculated for TMS-ON with HF and H,O
(Figure 4.5), both TMS-ON decomposition reactions are exothermic and energetically favorable.
However, the reaction between HF and TMS-ON is dominant because it has a lower energy barrier
and a higher heat of reaction than the reaction between H>O and TMS-ON do. Therefore, TMS-ON in
the electrolyte has versatile functions: (i) promoting the dissociation of LiPFs and reducing PFs
formation, (ii) deactivating the undesirable reaction between PFs and H,O that produces HF and

HPO,F>, and (iii) scavenging H,O and HF.
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To elucidate the working mechanism of TMS-ON in the electrolyte experimentally, "F NMR
measurements were performed following storage of the baseline (LiPF¢ dissolved in a mixture of EC,
EMC, and DEC without additives), 0.5% ON, and 0.5% TMS-ON electrolytes at 45 °C for 40 h.
Interestingly, although POF; was detected in the baseline and 0.5% ON-containing electrolytes, it was
not detected in the 0.5% TMS-ON-containing electrolyte (Figure 4.6). ). It is likely that the
transformation of PFs into POF; via the reaction with trace water in the electrolyte did not occur in the
TMS-ON-containing electrolyte. From the amounts of HPOF, and HF produced, it could be inferred
that the degree of LiPFs hydrolysis decreases in the order of baseline, 0.5% ON, and 0.5% TMS-ON
electrolytes (Figure 4.6b and c). The concentration of HF continuously increased in the baseline
electrolyte, whereas HF completely disappeared in the 0.5% TMS-ON-containing electrolyte because
of the formation of TMSF by the reaction of TMS-ON with HF over time, as shown in Figure 4.6d.
These results imply that TMS-ON helps resolve the problems induced by HF and PFs.

The concentration of the acidic compounds HF and HPO,F; in the electrolytes greatly affects the
interfacial structure of the graphite anode. To explore the effect of TMS-ON on the SEI structure on
the graphite anode, ex situ XPS measurements were conducted. The F 1s spectra of graphite anodes
cycled with baseline and 0.5% TMS-ON electrolytes showed clear differences (Figure 4.6e and f).
The baseline electrolyte with a relatively high HF concentration formed an SEI with a large fraction of
LiF and NiF, on the graphite surface (Figure 4.6¢) because LiF and NiF, can be formed by the
reaction between HF and Li* (or Ni?"). In particular, NiF, is formed because the high reactivity of the
electrolyte causes severe transition-metal dissolution from the NCM cathode. For electrolytes
retrieved from NCM/graphite full cells before precycling, the Ni** content of the electrolyte without
TMS-ON was 6 times higher than that of the 0.5% TMS-ON-containing electrolyte (Figure 4.7). LiF,
PO«Fy, and P-F species, which were detected for the graphite anodes cycled with the baseline
electrolyte, may be produced by the decomposition of LiPFg (Figure 4.6¢).!4”'% LiPF¢ and its
decomposition products, such as POF; and HPO,F», can be reduced by accepting electrons, as shown

in the following reactions (Equation 4.1-4).

LiPF, + 4Li* + 4¢” — 4LiF| + Li,PF,| (4.1)
POF; + 2xLi* + 2xe — Li,POFs..] + xLiF (4.2)
HPO,F; + 2¢" + HF — PF3.,(OH), + (2-n)OH" + nF" (n=1, 2) (4.3)
HPO,F, + 2"+ Hy0 — PF3.,(OH), + (3-n)OH" + (n-1)F" (n=1-3) (4.4)
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The molecular energy levels of the electrolyte solvents (EC, EMC, and DEC), additives (VC and
TMS-ON), and intermediates (ON and TMSF) interacting with Li* are shown in Figure 4.8a, taking
into consideration that TMS-ON easily reacts with HF and decomposes into ON and TMSF.
Comparing the lowest unoccupied molecular orbital (LUMO) energies, VC has the lowest energy of -
1.14 eV, which might be most favorable for reductive decomposition at the graphite anode. As TMS-
ON, ON, and TMSF show higher LUMO energies than the carbonate solvents (EC, DEC, and EMC),
it is inferred that these compounds are unlikely to undergo reductive decomposition at the graphite
anode. However, TMS-ON, ON, TMSF, and VC are likely to decompose oxidatively at the NCM
cathode because of their highest occupied molecular orbital (HOMO) energies are higher than those of
the carbonate solvents.

Figure 4.8b-e shows the cycle performance (rate of 0.5C) of NCM/graphite full cells with baseline
and 0.5% TMS-ON-containing electrolytes at 25 and 45 °C. The NCM/graphite full cells with the 0.5%
TMS-ON-containing electrolyte achieved superior cycling stability. In particular, the discharge
capacity retention of the full cell with 0.5% TMS-ON was drastically improved from 52.4% to 80.4%
after 400 cycles at 45 °C, delivering a high discharge capacity of 154.7 mA h g' and a high
Coulombic efficiency of 99.8%. Furthermore, the ohmic polarization of the full cell with 0.5% TMS-
ON was significantly reduced compared with that of the full cell with the baseline electrolyte (Figure
4.8d and e). This difference can be explained by the action mechanism of TMS-ON for stabilizing the
interfacial layers of both electrodes. A lower interfacial resistance, composed of the resistance of the
CEI and SEI films (Ry) and the charge-transfer resistance (Rc), was observed for the NCM/graphite
full cell with the 0.5% TMS-ON electrolyte after 400 cycles at 45 °C (Figure 4.8f). Notably, the use of
0.5% TMS-ON largely reduced R¢ in the NCM/graphite full cell from 6.0 to 2.9 Q (Table 4.1). This
change is attributable to the enhanced stability of the electrode—electrolyte interface derived from the
presence of TMS-ON. It is evident that a vulnerable interfacial layer builds up in the baseline
electrolyte, which does not suppress continued electrolyte decomposition at the electrodes, resulting
in an increase of Ry In contrast, the TMS-ON-derived interfacial layer effectively prevents the
electrolyte side reactions, resulting in protection of the electrolyte—electrode interface at 45 °C.

"H NMR measurements revealed that 0.5% TMS-ON is entirely converted into ON and TMSF in the
NCM/graphite full cell (Figure 4.9a). TMSF remains unreacted in the NCM/graphite full cell after 400
cycles at 45 °C (Figure 4.9b). By contrast, it is thought that ON generated from the reaction of TMS-
ON with HF contributes to the formation of the CEI on the NCM cathode.
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interacting with a Li" ion. Electrochemical performance of NCM/graphite full cells: Cycle
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Figure 4.9 '"H NMR spectra of baseline and 0.5% TMS-ON electrolytes retrieved from NCM/graphite
full cells (a) before precycling (after aging at 45 °C for 1 h and 25 °C for 20 h) and (b) after 400
cycles at 45°C.
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Table 4.1 Equivalent circuit and impedance parameters obtained from the simulation of
NCM/graphite full cells after 400 cycles at 45°C; (a) Electrolyte resistance, (b) SEI and CEI film

resistance, (c) Charge transfer resistance, (d) Sum of Ry and R and (¢) Ohmic resistance.

Re Rf Rct CPE

-—; >-—
cf Cct
— r—
Interfacial
R [Q] R [Q] R [Q] resistance? Rou® [Q]

[Q]
Baseline 2.6 6.0 5.9 11.9 14.5
0.5% TMS-ON 2.5 2.9 5.9 8.8 11.3
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The effect of the 0.5% TMS-ON-containing electrolyte on the interface structure of NCM cathodes
was investigated using ex situ XPS. The C 1s spectrum in Figure 4. shows that the surface of the
NCM cathode cycled with the baseline electrolyte was covered with poly(VC) species, which were
generated by the polymerization of VC. As VC has the highest HOMO energy level, it is prone to
oxidation at the NCM cathode."® In contrast, the poly(VC) peak at 290.5 eV was not observed for the
NCM cathode cycled with the 0.5% TMS-ON-containing electrolyte, whereas peaks corresponding to
N-C and O=C-N moieties formed by oxidative decomposition of ON appeared at 286 and 287.4 eV,
respectively (Figure 4.10b). Further, the N Is core level spectra support that the CEI contains N—-C
and O=C-N moieties (Figure 4.10e). The HF scavenging effect of the TMS-ON additive slightly
reduced the relative fraction of LiF and NiF; in the CEI (Figure 4.10c and d). The interfacial structure
of the NCM cathode in the baseline electrolyte mainly consists of the VC-derived CEI, whereas the
presence of TMS-ON greatly modifies the interface structure of the NCM cathode. The beneficial
effect of the ON-derived CEI on the interfacial stability of the NCM cathode is shown in Figure 4.10f.
The extent of transition-metal dissolution from the delithiated NCM cathode with a VC-derived or
ON-derived CEI stored in the baseline electrolyte at 45 °C for 7 days was characterized by inductively
coupled plasma optical emission spectrometry (ICP-OES). Transition-metal dissolution was alleviated
for the NCM cathode with the ON-derived CEI, which suggests that the interfacial stability of the
NCM cathode at 45 °C is enhanced by the ON-derived CEI. We propose possible oxidative radical
polymerization mechanisms for VC and ON initiated by the radical cation (-:O—-CH=CH") produced by
le” oxidation of VC (Figure 4.10g). The Gasteiger group reported an oxidative decomposition
mechanism for VC to produce poly(VC), which is the main component of the VC-derived CEI at the
NCM cathode.[*! Formation of the ON-derived CEI may be promoted by -O—CH=CH" attack because
the HOMO energy level of ON is lower than that of VC. Reactive -O-CH=CH" can attack the carbon

between the nitrogen and oxygens of ON to form a polymer species with an amide group.
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The effect of ON on the interfacial structure of NCM cathodes was analyzed using the surface-
sensitive technique, TOF-SIMS.!3*15* A strong CN signal appeared in the TOF-SIMS spectrum of the
NCM cathode with the 0.5% TMS-ON electrolyte after 400 cycles at 45 °C (Figure 4.11a). For the
NCM cathode with the baseline electrolyte, which builds up a VC-derived CEI on the cathode, the
TOF-SIMS spectrum showed strong signals corresponding to ’LiF,, POy, and PO;". This result
implies that the VC-derived CEI is not robust enough to mitigate the continued oxidative
decomposition of the electrolyte at the NCM cathode. In contrast, the ON-derived CEI containing CN
species exhibited relatively weak ’LiFy, PO, and POs signals, indicating that electrolyte
decomposition at the cathode was suppressed. The 3D visualization was in agreement with the
abovementioned spectral results (Figure 4.11b and c). Clearly, CN" species were detected in the outer
layer of the ON-derived CEI, and PO, and PO; were clearly observed in the outer layer of the VC-
derived CEI. The normalized depth profiles show that the decomposition byproduct of the baseline
electrolyte, 'LiF>, was detected in the inner layer of both CEls, with a higher 'LiF, signal intensity
observed for the VC-derived CEI (Figure 4.11d). The middle layer of the ON-derived CEI was mainly
composed of C;HO", CHO,, and "LiF; species, and a strong "LiF, signal was measured in the inner
layer of the ON-derived CEI (Figure 4.11¢). These results suggest that the outer layer of the ON-
derived CEI consists of polar groups, facilitating Li-ion migration, whereas the middle layer contains
mechanically stable "LiF, species. The ON-derived CEI mitigated the dissolution of transition metals,
especially Ni, from the delithiated cathode and contributed to suppressing the deposition of transition
metals on the graphite anode, as evidenced by the reduction in the relative fraction of NiF, on the

anode (Figure 4.10f and Figure 4.12).
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Figure 4.11 TOF-SIMS analysis of NCM cathodes retrieved from NCM/graphite full cells with
baseline and 0.5% TMS-ON electrolytes after 400 cycles at 45 °C (charge and discharge rates: 0.5C).
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Figure 4.12 F 1s XPS spectra of graphite anodes retrieved from NCM/graphite full cells with baseline
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The microstructures of the NCM cathodes after 400 cycles at 45 °C were confirmed through HR-TEM

imaging and fast Fourier transform (FFT) analysis. The original NCM structure is a layered structure

in the R3m space group that facilitates the insertion and extraction of Li*; however, as degradation

progresses, the NCM structure changes to the electrochemically inert rock-salt phase in the Fm3m

space group (Figure 4.13a-d). It is shown that the phase transformation occurs from the surface to the
bulk of the NCM cathode. After 400 cycles at 45 °C, the NCM cathode cycled with the baseline
electrolyte had the rock-salt phase and a mixed phase that combined the rock-salt and layered
structures (Figure 4.13a). The FFT patterns reveal the surface rock-salt phase at site A, the mixed
phase at site B, and the original layered structure at site C, with a phase transformation thickness of
approximately 24.6 nm. With the 0.5% TMS-ON-containing electrolyte, the phase transformation
thickness of the NCM cathode was significantly reduced to ~7.5 nm and the FFT patterns confirmed a
rock-salt phase at site D, a mixed phase site E, and the layered structure at site F (Figure 4.13b). It is
clear that the stable ON-derived CEI on the NCM cathode inhibits the exposure of the NCM active
surface to the electrolyte and thereby the reduction of highly reactive Ni*" to lower oxidation states
(Ni**, Ni*") in the delithiated state is effectively mitigated. Ni?>*, which is similar in size to Li", tends
to aggravate Li/Ni cation mixing in the NCM cathode. Scanning transmission electron microscopy
(STEM) provided further evidence on the atomic scale for the formation of the rock-salt phase. The
baseline eclectrolyte led to the formation of a thick rock-salt phase (>11 nm) in the NCM cathode
owing to transition metals replacing Li" in the Li slab, whereas 0.5% TMS-ON-containing electrolyte
resulted in a relatively thin rock-salt phase (~4 nm) (Figure 4.13¢ and d). The phase transformations
of the NCM cathodes were directly supported by EELS, which distinguishes electronic structure of
NCM particle about oxidation state of transition metal.'>13® A series of O K-edge EELS spectra were
obtained at 1 nm intervals from the surface to the bulk of the NCM particle (Figure 4.13e and f). The
pre-edge peak of the O K-edge at approximately 528-530 eV is attributable to the transition of
electrons from the O 1s state to the O 2p state hybridized with the 3d state of a transition metal; a shift
of this peak to higher energy losses indicates the reduction of the transition metals. The phase
transformation from the layered structure to the rock-salt structure occurred to a depth of 4 nm for the
NCM cathode cycled with the 0.5% TMS-ON-containing -electrolyte, whereas the phase
transformation was detected to a depth of 14 nm for the NCM cathode cycled with the baseline
electrolyte. The Ni L-edge spectra showed that there is more Ni** than Ni*" on the surface, with the
proportion of Ni*" increasing toward the bulk (Figure 4.14). The mechanical integrity of the NCM
secondary particles was explored in the baseline and 0.5% TMS-ON-containing electrolytes. Notably,
severe intergranular cracking was observed for the NCM cathode cycled with the baseline electrolyte.

This result implies that the VC-based CEI formed by the baseline electrolyte is not uniform, and
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thereby, inhomogencous lithiation/delithiation of the cathode occurs. Different levels of
lithiation/delithiation in the NCM primary particles trigger mechanical disintegration to NCM
secondary particles (Figure 4.13g and h). Further, the vulnerable VC-derived CEI does not effectively
protect the NCM cathode particles upon prolonged cycling, which causes thickening of the CEI by
continued oxidative decomposition of the electrolyte at the NCM cathode (Figure 4.15a). The
detection of a strong F signal for the NCM cathode particle cycled with the baseline electrolyte
indicates that byproducts from LiPFs decomposition are accumulated inside the cathode particles. The
NCM particles cycled with the 0.5% TMS-ON-containing electrolyte did not experience intergranular
cracking (Figure 4.13i and j) because the ON-derived CEI generated by the TMS-ON-containing
electrolyte was stably maintained during cycling, which prevented continuous electrolyte

decomposition at the cathode (Figure 4.15b).
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Figure 4.13. Microstructure and nanostructure of the NCM cathodes retrieved from NCM/graphite
full cells after 400 cycles at 45 °C (charge and discharge rates: 0.5C). TEM and FFT images of NCM
cathodes cycled with (a) baseline and (b) 0.5% TMS-ON electrolytes. Magnified STEM images of the
surfaces of NCM cathodes cycled with (c) baseline and (d) 0.5% TMS-ON electrolytes. Series of
EELS spectra for the O K-edge from the surface to the inner bulk of NCM particles cycled with (e)
baseline and (f) 0.5% TMS-ON electrolytes (every 1 nm). Cross-sectional SEM images of NCM
cathodes cycled with (g) and (h) baseline and (i) and (j) 0.5% TMS-ON electrolytes.
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Figure 4.14 Series of EELS spectra for the NCM cathodes retrieved from NCM/graphite full cells
after 400 cycles at 45 °C (charge and discharge rates: 0.5C). Ni L-edge spectra from the surface to the
inner bulk of NCM particles cycled with (a) baseline and (b) 0.5% TMS-ON-containing electrolytes

(every 1 nm).

(a)

Figure 4.15 EDS mapping of an NCM cathode retrieved from an NCM/graphite full cell cycled with
the (a) baseline electrolyte and (b) 0.5% TMS-ON electrolyte for 400 cycles at 45 °C (charge and
discharge rates: 0.5C).
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4.4 Conclusion

We have demonstrated that TMS-ON as an electrolyte additive improves the electrochemical
performance of LIBs composed of Ni-rich NCM cathodes and graphite anodes with a practical mass
loading. TMS-ON stabilized the LiPF¢-based electrolyte by mitigating the hydrolysis of ion-paired
LiPFeg, stabilizing PFs, and capturing HF from the electrolyte. Deactivation of reactive species such as
HF enhanced the structural and compositional stability of the SEI on the graphite anode in a Ni-rich
NCM/graphite full cell. Moreover, the ON-derived interfacial layer on the Ni-rich NCM cathode was
stably maintained over 400 cycles at 45 °C, which reduced transition-metal dissolution from the NCM
cathode, suppressed the irreversible phase transition and microcracking of the Ni-rich NCM cathode,
and prevented continual electrolyte decomposition at the cathode. The results of this study will
contribute to further advancing the design of electrolyte additives that can remove undesirable
reactive species and contribute to the construction of a controlled and stable electrolyte—electrode

interface
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