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Abstract 

The interfacial (electro-)chemical reactions between electrode and electrolyte dictate the cycling 

stability of Li-ion batteries. Previous experimental and computational results have shown that 

replacing Mn and Co with Ni in layered LiNixMnyCo1-x-yO2 (NMC) positive electrodes promotes 

the dehydrogenation of carbonate-based electrolytes on the oxide surface, which generates protic 

species to decompose LiPF6 in the electrolyte. In this study, we utilized this understanding to 

stabilize LiNi0.8Mn0.1Co0.1O2 (NMC811) by decreasing free-solvent activity in the electrolyte 

through controlling salt concentration and salt dissociativity. Infrared spectroscopy revealed that 

highly concentrated electrolytes with low free-solvent activity had no dehydrogenation of ethylene 

carbonate, which could be attributed to slow kinetics of dissociative adsorption of Li+-coordinated 

solvents on oxide surfaces. The increased stability of the concentrated electrolyte against solvent 

dehydrogenation gave rise to high capacity retention of NMC811 with capacities greater than 150 

mAhg-1 (77 % retention) after 500 cycles without oxide-coating, Ni-concentration gradients, or 

electrolyte additives.  

 

1. Introduction 

LiNixMnyCozO2 (NMC) are promising positive electrode materials in high-energy Li-ion batteries 

for electric vehicle applications.1–5 Understanding and controlling the (electro-) chemical reactions 

at the interface between NMC and the electrolyte is the key to enable stable cycling of these high-

energy Li-ion batteries.6–8 Increasing Ni content in the NMC series from LiNi1/3Mn1/3Co1/3O2 

(NMC111) to Ni-rich NMC such as LiNi0.6Mn0.2Co0.2O2 (NMC 622) and LiNi0.8Mn0.1Co0.1O2 

(NMC811) can greatly increase discharge capacity1,2,9 but at the expense of capacity loss during 

cycling,1,9–11 accompanied by lower voltage onset of O2 and CO2 gas evolution.9,12  Even though 
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upper voltage limits used to cycle Ni-rich NMC are much lower than the electrochemical oxidation 

voltage limit (~5 VLi) of conventional electrolytes,13 which typically consist of 1.0 M LiPF6 

dissolved in cyclic carbonates such as ethylene carbonate (EC) and linear carbonates (e.g. 

ethyl methyl carbonate - EMC)13, greater decomposition of solvent2,9,14,15 and salt 

decomposition14 has been reported for NMC cycling with increased Ni content. The enhanced 

electrolyte degradation found for Ni-rich oxides9,12,14 has been attributed to greater reactivity 

between the electrolyte and charged oxide surfaces8,14,16,17 and/or singlet-oxygen9,18 liberated from 

Ni-rich oxides during charging. Recent density functional theory (DFT) calculations have shown 

that the thermodynamic driving force for dissociative adsorption of carbonate solvents increases 

with greater M-O covalency19–23 by having more later transition metals such as Ni or less lithium 

in the layered structure, where carbonate solvents including ethylene carbonate (EC) and ethyl 

methyl carbonate (EMC) dehydrogenate on surface oxygen of LixMO2 to form a surface hydroxyl 

group (e.g.  C3O3H3+–Osurface and H+–Osurface).16,24,25 This proposed carbonate dehydrogenation is 

supported by  ex-situ Fourier transform infrared (FT-IR) and Raman spectroscopy experiments14 

while the protic species generated from carbonate dehydrogenation can further react with LiPF6 to 

produce less-fluorine coordinated species14,26,27 including PF3O and PF2O2- as revealed from X-

ray photoelectron spectroscopy (XPS) and nuclear magnetic resonance (NMR) results.14 This 

proposed mechanism – oxide-mediated electrolyte oxidation – is in agreement with previous 

reports that tuning Ni-rich NMC surface through a less-M-O-covalent coating25,28–32 or creating a 

Ni-poor protective layer33–36 can greatly increase capacity retention of Ni-rich NMC electrodes. 

For example, recent FT-IR measurements have shown that an Al2O3-coating on NMC622 can 

reduce carbonate dehydrogenation and LiPF6 decomposition, which is associated with greater 

cycling stability than uncoated NMC622.37 Moreover, altering the electrolyte compositions by 

including additives38–43 or increasing salt concentrations44 can enhance capacity retention of Ni-
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rich NMC. Inaba et al.44–49 have shown that increasing LiBF4 concentration in propylene carbonate 

(PC) to ~3.5 M (7.25 mol/kg), NMC532 can retain a capacity of 185 mAh/g after 50 cycles to 4.6 

VLi while that in ~1 M decays to 140 mAh g-1. 45 In addition, by increasing LiBF4 concentration in 

DMC to ~ 4 M (8.67 mol/kg), NMC811 exhibited a capacity of 190 mAh/g after 50 cycles to 4.3 

VLi while that in ~1 M decays to 140 mAh g-1.44 The change in solvation structure and the 

proportion of free solvent can affect the electrochemical stability of the solvent. In the presence of 

Li+ solvation, DFT calculations50–53 and molecular dynamics (MD)50 studies show that the solvent 

molecule is stabilized by bond formation with Li+, which stabilizes the solvent’s electron lone-

pairs, decreasing the electron energy level at the highest occupied molecular orbital (HOMO) 

states and increasing the oxidative stability of the solvents.50 The stabilization of the solvent 

through Li+ coordination is further supported experimentally by several research groups.44–47,54–57 

However, as mentioned previously, upper voltage limits used to cycle Ni-rich NMC (4.4-4.6 

VLi)9,37 are much lower than the simple electrochemical oxidation potential (~5 VLi) of even 

conventional electrolytes solutions (~1 M).13 Thus, the physical origin of enhanced stability due 

to increased salt concentration is still not well understood, which is the focus of this study. In the 

present manuscript, we propose a new concept, where Li-coordination with carbonates – greatly 

decreases the kinetics of dehydrogenation supported by DFT than free carbonates, which is 

responsible for increased capacity retention during cycling of NMC811. 

Here we examine this oxide-mediated electrolyte oxidation mechanism14,16,17,37,58 by 

employing highly concentrated carbonate-based electrolytes and electrolyte salts of different 

dissociation constants, and test if having fewer free carbonate molecules can potentially reduce the 

electrolyte reactivity with Ni-rich NMC. Highly concentrated electrolytes that typically have 

a salt molar concentration greater than ~3 M and a molar ratio of Li:solvent less than 1:4, 

have shown radically different properties such as reduced volatility/flammability 55,59–64, 
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greater electrochemical stability window65–69,  enhanced rate performance56,68,70–72, and 

altered interfacial reactivity61,66–68,70,73–79 from conventional electrolytes (~1 M).13,80 These  

changes have been attributed to the reduction of free solvent molecules that do not 

coordinate with  Li ions62,81–83. For example, Inaba et al. first reported that lithium can be 

intercalated reversibly into graphite in a concentrated electrolyte of propylene carbonate 

(PC) in 200384 while conventional PC-based electrolytes failed to form a stable SEI with 

graphite13. In addition, Winter and Placke et al., showed that the oxidative stability 

expanded to ~6 VLi with 4 M LiPF6 in DMC.85 Moreover, Watanabe et al. have reported 

that the oxidation potential of ether-based electrolytes, having lithium 

bis(trifluoromethanesulfonyl)imide: LiTFSI with triglyme and tetraglyme, can be increased 

from ~4.0 VLi in ~0.2 M to ~4.5 VLi in ~3 M by removing free ether solvent molecules (1:1 

molar mixture of LiTFSI with glyme), where enhanced stability against oxidation is 

associated with lower HOMO energy level of Li+-coordinated solvents.55  

In this work, to understand the mechanism of improved stability through changing electrolyte 

solvation structures, we quantify the amounts of free carbonate solvents when increasing LiPF6 

salt concentration from 0.2 to 3.1 M and by changing anions from BF4-, PF6- to TFSI- with 

increasing lithium salt dissociation constant86–88 in 1.0 M electrolytes using Raman spectroscopy. 

The amounts of free carbonate solvents in 1.0 and 3.1 M were discussed and correlated with 

capacity loss and impedance growth of NMC811 during cycling with these electrolytes. The 

dissociativity of the salt in solvent also largely dictates the amount of free Li+ in the electrolyte 

as well as the Li+ coordination of the solvent species. The association strength of different 

common anions used in lithium-ion battery salts can be ranked as TFSI-~PF6-<AsF6-<ClO4-

<BF4-,53,89,90 where TFSI- and PF6- are the most dissociative with more free Li+ ions when 

dissolved in a carbonate electrolyte, and BF4- is the most associative with more cation-anion pairs 



 6 

instead of free Li+. In addition, carbon-free and binder-free oxide-only electrodes charged in these 

two electrolytes (1 and 3.1 M) to different voltages in the first cycle were analyzed by FT-IR, 

Raman spectroscopy and XPS to identify oxidized or decomposed products of carbonate and salt, 

from which the role of free carbonate solvents on the electrolyte reactivity with NMC surface, 

and implications on the capacity loss and impedance of NMC during cycling are discussed. 

 

2. Methods  

2.1 Experimental methods  

Materials 1.0 M (mol/L) LiPF6 in a 3:7 wt:wt ethylene carbonate (EC): ethyl methyl 

carbonate (EMC) (LP57, battery-grade, BASF),  LiPF6 (>99.99%, battery-grade, Aldrich), 

LiBF4 (>99.99%, ultra-dry-grade, Aldrich), EC (battery-grade, BASF), EMC  (battery-grade, 

BASF) were used as received. The electrolytes (except for LP57) were prepared by simple 

mixing of LiPF6 or LiBF4 and EC or EMC in an Argon-filled glove box (MBraun, < 0.5 ppm 

of H2O and O2). The residual water contents in the electrolytes were measured by Karl Fischer 

titration and were less than 20 ppm.  

Viscosity, density and ionic conductivity The viscosities and densities of the 

electrolytes were measured by using a Stabinger viscometer (SVM3001, Anton Paar). Ionic 

conductivity was measured by using the complex impedance method with the conductivity cell 

(CONPT-BTA, Vernier). The cell constant of the conductivity probe was calculated by 

measuring the conductivity of a standard solution (0.01 M KCl aqueous solution, 1.413 mS/cm 

at 25 oC, VWR). The density, viscosity and ionic conductivity for the concentrations of LiPF6 

(0, 0.22, 0.43, 1.0, 1.3, 2.0, 2.4 and 3.1 M) in EC/EMC, and LiClO4 and LiBF4 (1.0 M) in 

EC/EMC solutions at 25 oC were measured, where details are shown in Table S1 and Table 
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S2, respectively. In addition, the viscosity, density and ionic conductivity of 1.5 and 1.0 M 

LiPF6 solution in pure EC or EMC at 25 °C are shown for comparison in Table S3, where the 

viscosity and density of EC was measured at a supercooled liquid state at 25 oC as the melting 

point of EC is ~35 oC. Moreover, activation energy was calculated from temperature dependent 

data of viscosity and ionic conductivity measurements, where the plots were fitted only for the 

high-temperature region (Figure S1). 

Oxide synthesis and electrode preparation NMC111 (LiNi0.33Mn0.33Co0.33O2) was 

prepared as reported previously.14 NMC622 and NMC811 were obtained from ECOPRO, 

South Korea. Both NMC622 and NMC811 had no-coating and no-Ni concentration gradient 

within individual oxide particles, which was used to examine the intrinsic stability/reactivity 

trend of the electrode-electrolyte interface. 

 The carbon-free and binder-free pellet electrodes were prepared as reported previously.14 

The pellet electrodes were used for DRIFT and Raman measurements. The carbon-free binder-

free oxide powder electrodes were also prepared as reported previously.14 The carbon-free, 

binder-free powder electrodes were used for XPS measurements. The active material loading 

was ~2.4 mg/cm2.  

 The composite positive electrodes for battery cycling and EIS measurements were 

composed of 85 wt% of NMC811 as an active material, carbon black (5 wt % KS6 and 2 wt% 

Super P, both from Timcal) as an electrically conductive additive, and poly(vinylidene 

fluoride) (8 wt%, PVDF, Kynar) as a polymer binder. The mesh reference electrode was also 

composed of 80 wt% of Li4Ti5O12 (LTO, Itasco, >99.5 %), 10 wt% of acetylene black (C-55, 

Chevron) and 10 wt% of PVDF. Detail electrode preparation method can be found in previous 

report.58 Each electrode was punched with a 1/2 inch diameter (1.27 cm diameter) for NMC811 
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(on Al foil) and 18 mm diameter for Li4Ti5O12 mesh reference. The active material loading 

was ~2.4 mg/cm2 for composite electrodes and ~1 mg/cm2 for Li4Ti5O12 mesh reference 

electrodes, respectively. After compression at 6.3 T/cm2, the thickness of NMC811 composite 

electrodes was ca. 10 µm, packing density was ca. 3.2 gNMC-C-PVDF/cm3 and porosity was ~18 %. 

Particle size and specific surface area of NMC811 used in this work is d = 5-10 µm and 0.334 

m2/g, respectively. 

 

 Electrochemical measurements Electrochemical behavior of the carbon-free, binder-free 

electrodes and pellet electrodes were confirmed by galvanostatic measurements in two-

electrode cells (Tomcell type TJ-AC, disk type two-electrode cell). Cells were assembled in an 

argon-filled glovebox (MBraun, <0.5 ppm of H2O and O2) and comprised a lithium metal foil 

negative electrode (15 mm diameter) and the positive electrode (1/2 inch (12.7 mm) diameter), 

separated by two pieces of polyolefin separator (Celgard 2325, 21 mm diameter) or a piece of 

glass fiber separator (Whatman GF/A, Aldrich, 21 mm diameter, dried at 150 oC in vacuum 

for overnight prior to use, glass fiber separator was used for concentrated electrolyte, 3.1 M 

LiPF6 in EC/EMC solution, due to issues with wettability for polyolefin separators), with 100 

μL of different electrolytes. The cells were charged with different end-of-charge potentials (4.1, 

4.2, 4.4, 4.6 and 4.8 VLi) at a C/100 rate and held at the potential for 5 hours at room 

temperature with VMP3 potentiostat (Biologic), based on the theoretical capacity calculated 

assuming full delithiation (LiNixMnyCo1-x-yO2 ® Li+ + e- + NixMnyCo1-x-yO2, ~275 mAh g-1, 

1C = 275 mA g-1).  

For electrochemical impedance spectroscopy (EIS) and battery cycling experiments 

with composite electrodes, three-electrode cells were assembled in an argon-filled glove box 



 9 

with Li metal foil (15 mm diameter), Li4Ti5O12 mesh reference electrode (18 mm diamter), and 

NMC811 composite electrode (1/2 inch (12.7 mm) diameter) with Whatman GF/A separators 

(19 mm diameter). A mesh reference electrode was used to avoid an artefactual EIS 

response.58,91,92 A detailed cell configuration can be found in the previous work.58 NMC811 

working electrodes were then charged at 27.5 mA/g (C/10 rate, 27.5 mA/g corresponds to ~65 

µA/cm2 for average loading density of ~2.4 mg/cm2) and held at potentials of 3.9, 4.0, 4.1, 4.2, 

4.3, 4.4, 4.5 and 4.6 VLi for 1 hour, and relaxed for 1 hour. After each relaxation, EIS 

measurements were carried out at the open circuit potential with 10 mV amplitude and 

frequency range from ~10-2 to 106 Hz. In this work, due to high RHF on NMC811 electrodes 

(at some conditions it cannot even form a complete semicircle within this frequency range, 

down to 100 mHz) and overlapped and depressed semicircles likely due to low ionic 

conductivity and high viscosity in concentrated solution, we did not fit the obtained Nyquist 

plots to obtain RHF and RLF values and rather chose to discuss through the Nyquist plots to 

keep a rigorous discussion. After the 1st cycle charge-discharge (4.6 – 2.0 VLi, charge sequence 

coupled with EIS) at C/10 was performed in a three-electrode configuration, faster cycling tests 

(2nd-99th cycle) were then conducted with a two-electrode configuration (NMC811 as 

working electrode and Li metal as counter electrode) with CCCV - constant current (1C) / 

constant voltage (cut-off current at 0.05C) – charging condition and 1C discharge condition 

with cut-off potential between 4.6 VLi and 2.0 VLi. At the 100th cycle, three-electrode 0.1C 

charge-discharge with EIS measurement was conducted again to evaluate resistance growth 

compared with the 1st cycle. After the 101st cycle, two-electrode fast cycling with CCCV 

condition (1C-0.05C for charge, 1C for discharge) was conducted again. The 1st and 100th 

three-electrode cycling with EIS measurement was conducted at 25 oC in an environmental 



 10 

chamber (SU-241, Espec) and fast two-electrode cycling (2-99th cycle and after 101th cycle) 

was conducted at room temperature. Coin-cell cycling was also conducted as previously 

reported.37 

 

 Raman spectroscopy Raman spectra of the electrolyte solutions and charged pellet 

electrodes were measured using a microscope Raman spectrometer system (LabRAM HR, 

Horiba) with 532 and 632 nm laser excitations, which was calibrated using a silicon standard. 

All the pellet electrodes and most of the electrolyte solution samples were measured with 532 

nm laser excitation unless otherwise noted. The spectra were accumulated 5 times (pellet 

electrode) or 10 times (electrolyte solution sample) to achieve a sufficiently high signal-to-

noise ratio. Detail Raman sample preparation method can be found in the previous report.14 

For solution samples, after baseline correction of the entire spectral range, the integrated 

intensity (area) in the wave number range of 850 – 920 cm-1 (including both free- and bound- 

EC, and EMC band) was normalized. The Raman spectra of the solutions were deconvoluted 

using a Gaussian-Lorentzian (pseudo-Voigt) function as shown in Figure S2. The molar 

fraction of free/bound species was computed from integral intensities of corresponding Raman 

peaks. Assuming that Raman scattering coefficients for free- and bound-carbonate are identical 

and constant in the whole concentration range93, Ibound-EC / Itotal-EC, Ibound-EMC / Itotal-EMC and the 

concentration of LiPF6 in the solution were related to the molar fraction of free/bound species 

using the following: 
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𝑛'( + 𝑛'1( = 𝑛2"234  

Where cEC and cEMC [M] are the molar concentration of EC and EMC, cbound-EC and cbound-EMC [M] 

are the concentration of bound-EC and bound-EMC, cLiPF6 [M] is the concentration of LiPF6, nEC 

and nEMC are the number of solvated EC and EMC per one Li+ (cbound-EC/cLi+ or Li+:bound-EC = 

1:nEC) and cbound-EMC/cLiPF6 (Li+:bound-EMC = 1:nEMC), respectively, and ntotal is the total solvation 

number of Li+ from both EC and EMC. Herein, Ibound / Itotal is the same as cbound / ctotal. It should be 

noted that EC:EMC of 30:70 wt/wt corresponds to  33.6:66.4 mol/mol.  

 

FT-IR spectroscopy The Fourier transform infrared (FT-IR) spectra of the materials were 

obtained on an FT-IR Tensor II (Bruker) equipped with a deuterated triglycine sulfate (DTGS) 

detector inside an argon-filled glovebox. The species formed on the active material during 

(electro)chemical processes were analyzed with the diffuse reflectance infrared Fourier transform 

(DRIFT) accessory (Praying Mantis, Harrick scientific products). Detailed experimental condition 

can be found elsewhere.14 All FTIR spectra of the liquid samples were recorded using a single 

reflection attenuated total reflection (ATR) accessory (Pike Vee-Max II, Pike Technologies) with 

a Ge prism (Pier optics) at an incident angle of 45 degrees.  

 

X-ray photoelectron spectroscopy (XPS) measurements All the XPS spectra were 

collected using a PHI 5000 VersaProbe II (ULVAC-PHI, INC.) using a monochromatized Al 

Kα source and a charge neutralizer. Detail procedures can be found in the previous 

publication.14 Adventitious carbon at 285 eV (C1s spectra) was used for calibration of all XPS 

spectra. The chemical compositions, binding energies and full width at half maximum of all 

spectra can be found in Tables S4 –S7. 
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2.2 Computational methods  

 Raman – FTIR simulations The Raman and FTIR spectra where simulated by 

computing the vibrational frequencies of solvent molecules, salt ions and solvent-ions complexes 

in an implicit solvation model (PCM9), and dimethyl sulfoxide (DMSO, dielectric constant e = 47) 

was used as solvent. We used the B3LYP functional and 6-311++G** basis set, as implemented 

in the Gaussian (g09) suite94.  

 Interaction/adsorption energy calculations The EC C-H bond dissociation energy and 

the interaction energy of Li+ with EC were estimated by considering complexes of one Li ion with 

1-4 EC molecules in vacuum and in implicit DMSO solvent. We used the B3LYP functional for 

EC bond dissociation energy and Perdew Burke-Enzerhof (PBE) functional for Li+-EC 

interaction95 and 6-31+G* basis set.  

The adsorption energy of EC on the surface of LiMO2 (M = Mn, Co and Ni) and Mn- and Co-

doped LiNiO2, and the thermodynamic reaction profiles for EC and Li (EC)3 on LiNiO2 were 

computed by periodic plane wave calculations, with projector augmented wave potentials, and 

PBE functional, as implemented in the Vienna ab initio simulation package (VASP).96,97 We 

employed a DFT+U approach98,99 with effective Hubbard U values Ueff = 4.0 eV for Mn, 3.3 eV 

for Co and 6.4 eV for Ni.100,101 EC was adsorbed on the (101*4) surface, with a (4 × 2) surface unit 

cell and a five-layer slab, where the three bottom layers were kept fixed at the bulk positions, while 

the coordinates of the two uppermost layers and the adsorbates were fully relaxed. The slabs were 

separated by a vacuum layer of at least 13 Å. Additional details can be found in the previous work16. 
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3. Results and Discussion 

Salt-concentration-dependent Free-solvent activity  

Concentration-dependent Raman spectra in the range from 850 to 965 cm-1 revealed the 

EC ring breathing modes with and without Li+ coordination14 and the O-CH3/O-C2H5 stretching 

modes of EMC with and without Li+ coordination,67 as shown in Figure 1 (a). Pure EC/EMC 

(30/70 wt%) solution show one sharp band at ~892 cm-1, corresponding to the EC ring breathing 

mode,14 and one broad band centered at ~935 cm-1, corresponding to the O-CH3/O-C2H5 stretching 

mode of EMC, where the nature of the broad band93 most likely come from two peaks (~930 and 

~938 cm-1) due to the asymmetric structure of EMC. With increasing concentration of LiPF6 in the 

solution, the band intensity of EC ring breathing (~892 cm-1) was found to decrease monotonically, 

which was replaced gradually by another sharp band at a higher wavenumber (~904 cm-1), with a 

clear isosbestic point at ~899 cm-1.  Similarly, the band intensity of O-CH3/O-C2H5 stretching in 

EMC (~935 cm-1) was reduced gradually with increasing LiPF6 concentration, which was coupled 

with the appearance and growth of another broad band at ~946 cm-1 with a clear isosbestic point 

at ~940 cm-1. These two new bands centered at ~904 and ~946 cm-1 can be assigned to Li+-

coordinated-EC and EMC. No visible change was found for the peak centered at ~ 880 cm-1 that 

is associated with EMC molecules (can be seen in pure solvent spectrum, Figure S3), which will 

not be discussed further. Moreover, the appearance and growth of Li+-coordinated-EC and -EMC 

bands with increasing LiPF6 concentration were accompanied with increasing intensity of a new 

band centered at ~742 cm-1, which can be attributed to the P-F symmetric stretching vibration of 

PF6-102, as shown in Figure 1(b). At LiPF6 concentrations greater than Li:Carbonate = 1:5 (2.0 M), 

a peak shoulder at the high wavenumber side appeared, indicating the formation of complexes 

between Li ions and PF6- anions or contact ion pair (CIP). With increasing LiPF6 concentration, 
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the distance between the anions and cations decreases in the solutions and ion-pair 

formation/aggregation occurs.53 Therefore, the band at ~742 cm-1 was deconvoluted into one 

component of free PF6- at ~742 cm-1 at concentrations below Li:Carbonate = 1:5 (2.0 M) while 

above, two different components, free PF6- at ~742 cm-1 and Li+-bound PF6 at ~744 cm-1 were 

obtained (see details in Figure S2), which later increased with increasing LiPF6 concentration. 
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Figure 1 Normalized Raman spectra of LiPF6 in EC:EMC (3:7 wt/wt) solution in the range (a) 
carbonate bands (850 -965 cm-1) and (b) PF6- band (700-760 cm-1) measured at 25 °C. (c) Ionic 
conductivity, viscosity and estimated molar fractions of free/bound-EC, free/bound-EMC (Ifree-EC/ 
Itotal-EC, Ifree-EMC/ Itotal-EMC), and Li+-bound PF6- (Ibound-PF6 / Itotal-PF6) in the LiPF6 in EC/EMC solution 
based on the ratio of integral intensities of Raman peaks. All the R2 values for the deconvolution 
are higher than 0.987 and linear fits for calculating solvation number are higher than 0.992. Detail 
deconvoluted spectra were shown in Figure S2. (d) Normalized Raman spectra of 1.0 M LiPF6, 
ClO4 and BF4 in EC:EMC (30:70 wt%) solution in the range 850 -965 cm-1 (carbonate bands) 
measured at 25 °C. Note that the region higher than 910 cm-1 for LiClO4 sample was removed due 
to severe overlap of ClO4 peak and EMC peak. (e) Ionic conductivity and free EC fraction in 1.0 
M LiPF6, ClO4 and BF4 in EC:EMC (3:7wt) solution.  
 
 The fractions of carbonates and PF6 anions with and without Li+ coordination were 

quantified from integrated intensities (I) of corresponding Raman bands, where Raman scattering 

coefficients for free- and bound Carbonates were assumed to be identical and constant.77,93 Figure 

1(c) shows that the fractions of free-EC and free-EMC decrease while the fraction of Li+-

coordinated EC and EMC increases monotonically with increasing molar ratio of LiPF6/Carbonate 

(cLi/cCarbonate), which were obtained from the ratios of Ifree/Itotal and Ibound/Itotal, respectively. The 

fraction of Li+-bound EC is higher than that of Li+-bound EMC, which is consistent with having 

much higher polarity of EC (dielectric constant of 90103) compared to EMC (dielectric constant of 

3103). Of significance to note is that the molar fractions of free EC and EMC were very small 

(combined fractions equal to ~0.07 or ~7 mol%) for the most concentrated solution of 

LiPF6/Carbonate of 1:3 (3.1 M), indicating negligible free solvent activity, in comparison to that 

of the conventional electrolyte concentration of 1.0 M (0.5 or 50 mol%). The fraction dependence 

of Li+-bound EC and EC on the molar ratio of LiPF6/Carbonate (the slope in Figure 1c) was used 

to  estimate the solvation number of Li+, which fitting was limited to concentrations below 

Li:Carbonate = 1:5 (2.0 M) where LiPF6 is fully dissociative (Figure 1b). Li+ was found to be 

coordinated by ~1.6 for EC and ~2.4 for  EMC, giving rise to a total solvation number of ~4, which 

is in agreement with previous reports of Li+ solvation numbers around 4.75,81,104 The result is further 
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supported by having negligible fractions of Li+-bound PF6- at concentrations below Li:Carbonate 

= 1:5 (2.0 M) estimated from the integrated intensities of free (~742 cm-1) and bound PF6- (~744 

cm-1) components (Figure 1b), which is consistent with the highly dissociative nature of PF6- 

anions. At higher concentrations, 0.13 and 0.57 of PF6- interacted directly with Li+ for 

Li:Carbonate ratios of 1:4 (2.4 M) and  1:3 (3.1 M), indicating stronger CIP formation/aggregation. 

Therefore, Raman spectroscopy reveals that Li+ is coordinated as [Li(EC)1.64(EMC)2.37]+ in the  

EC:EMC (3:7 wt/wt or 1:2 mol/mol) solutions with LiPF6 concentrations equal to or less than 2.0 

M. In contrast, at the highest concentration having Li:Carbonate of 1:3 (3.1 M), nearly all the EC 

and EMC (>93 mol%) are coordinating to Li+ and more than half of PF6- is also participating Li+ 

solvation, giving rise to complexes resembling [Li(EC)1(EMC)2(PF6)] and [Li(EC)1(EMC)2]+.  

Replacing more dissociative LiPF6 with less dissociative LiBF4, the Li-coordinated EC 

ring breathing mode feature (~904 cm-1) was found to decrease in intensity while that of the free 

EC ring breathing band (~892 cm-1) increased, indicating an increased fraction of free EC 

molecules. As solvent and anion (both Lewis bases) are competing with each other to solvate 

(interact) to Li+ (strong Lewis acid) in the electrolyte solution,81,105 fully dissociative PF6- at 1.0 M 

(Figure 1b) does not disturb the solvation of Li+ by carbonate molecules whereas less dissociative 

BF4- can bind with lithium ions and results in more free carbonate solvents. The B-F stretching 

mode of 1.0 M LiBF4 in EC/EMC solution (Figure S4) shows free-BF4- at 776 cm-1 and Li+-bound 

-BF4- at 774 cm-1,47 which intensity was used to quantify Li+-bound-BF4- as 0.26 or 26 mol% in 

the 1.0 M EC/EMC (30/70 w/w%) electrolyte. Further support of more free solvent molecules in 

1.0 M BF4- electrolyte came from ATR measurements (Figure S5), which shows the Li-

coordinated EC and EMC C=O features (1774 cm-1 and 1720 cm-1) both increase in intensity 

relative to free EC (1807 cm-1) and EMC C=O (1744 cm-1) features. By integrating the free EC 
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(892 cm-1) and Li-coordinated EC (904 cm-1) band intensities in the Raman spectra of 1.0 M LiBF4 

electrolyte, we further quantified the fraction of free EC compared to Li+-coordinated EC in Figure 

1e, which revealed a higher fraction of free EC by replacing LiPF6 (0.51) with LiBF4 (0.73). 

 The ionic conductivity was found to first increase with greater LiPF6 concentration and 

then decrease at concentrations greater than (up to 1.3 M), as shown in Figure 1c. This nonlinear 

concentration-dependent conductivity trend is similar to those found previously for non-aqueous 

electrolyte solutions with ether55,60,61,106,107, carbonate67 and other solvents.70,75 The maximum 

conductivity found for concentrations at ~1 M can be explained by increasing charge carrier 

concentrations including [Li(EC)1.64(EMC)2.37]+ and PF6- but reduced ion mobility at 

concentrations greater than  1.3 M (Figure 1c). The proposed ion mobility reduction is supported 

by markedly increased electrolyte viscosity (Figure 1c), which results from electrostatic drag 

associated with solvated lithium ions, [Li(EC)1(EMC)2]+ and PF6-  and the formation of ion-paired 

complexes, [Li(EC)1(EMC)2(PF6)]. These two competing effects result in a maximum ionic 

conductivity at around 1 M.61,75,107,108 Moreover, the change in the solvation structure directly 

affects the change in the ionic conductivity due to a decrease in change carrier (Li+) concentration 

through the formation of ion-pair (neutral) species, where LiPF6 has the highest conductivity and 

lowest free-carbonate activity (i.e. highest dissociation) compared to LiClO4 and LiBF4 salt with 

the same concentration, due to stronger aggregation of those more Lewis basic anions (BF4- and 

ClO4-) to Li+. 

   

The influence of Free-solvent activity on the cycling stability of Ni-rich NMC811 

 Using the most concentrated electrolyte (3.1 M LiPF6 in EC/EMC) with negligible free 

solvent molecules (Figure 1c) led to enhanced capacity retention of NMC811 upon cycling 
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compared to electrolytes with lower LiPF6 concentrations (1.0 and 2.0 M LiPF6 in EC/EMC), as 

shown in Figure 2a. NMC811 was found to have comparable initial discharge capacities of ~220 

mAh g-1 (C/10 and charged to 4.6 VLi) and ~200 mAh g-1 (1 C and 4.6 VLi) among all the 

electrolytes tested in this study. Much greater capacity retention was found for the most 

concentrated electrolyte upon subsequent cycling at 1 C than the other electrolytes with lower 

LiPF6 concentrations (1.0 and 2.0 M LiPF6 in EC/EMC in Figure 2a). The greater discharge 

capacities of NMC811 cycled in the most concentrated electrolyte (215 mAh g-1 in Figure 2a) 

were confirmed at C/10 after 100 cycles than those tested in 2.0 M (175 mAhg-1) and 1.0 M (163 

mAhg-1). After 500 cycles (1 C and 4.6 VLi), the most concentrated electrolyte (3.1 M) shows 

reversible capacity ~150 mAh g-1 or ~75% capacity retention while the other electrolytes with 

lower LiPF6 concentrations (1.0 and 2.0 M LiPF6 in EC/EMC) had electrode capacity fading below 

100 mAh g-1. Similar capacity loss was found for cycling NMC811 in EC-only or EMC-only 

electrolytes such as 1.5 M LiPF6 in EC (1.5 M LiPF6 in EC is liquid and 1.0 M LiPF6 in EC is 

solid) and EMC-only (1.0 M LiPF6 in EMC) in Figure S7 to that of 1.0 M LiPF6 in EC/EMC. The 

greater capacity retention with the most concentrated electrolyte was further shown for cycling 

NMC811 at 1 C to 4.4 VLi than the electrolyte with 1.0 M LiPF6 (Figure S8). Moreover, the 

Coulombic efficiency of NMC811 (quantified as the ratio of discharge capacity over charge 

capacity, 99.7% averaged from the 3rd to 100th cycle) in the most concentrated electrolyte (3.1 M) 

was greater than the other electrolytes with lower concentrations (98.9% in 1.0 M and 98.6% in 

2.0 M), as shown in Figure S9. These observations suggest that reducing free carbonate activity 

by replacing free EC or EMC by Li+-coordinated EC or EMC can lead to enhanced capacity 

retention and Columbic efficiency upon cycling of NMC811 in the 3.1 M (0.07 fraction of both 

free EC and EMC) than that of the 1.0 M LiPF6 (0.51 and 0.65 fraction of free EC and EMC, 
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respectively) electrolyte. The greater capacity retention of NMC811 cycled in the 3.1 M LiPF6 

electrolyte is accompanied with smaller impedance growth as reflected by lower gaps between 

charge and discharge voltages during cycling (Figure 2b) in comparison to that cycled in the 1.0 

M LiPF6 electrolyte (Figure 2c). The charge and discharge voltage profiles and discharge capacity 

at the 50th cycle (red in Figure 2b) were comparable to those of the 3rd cycle in the 3.1 M 

electrolyte. In contrast, the charge and discharge voltage profiles were altered considerably with 

the 1.0 M electrolyte in comparison to those of the 3rd cycle, showing nearly four times greater 

voltage polarization, and much lower discharge capacity than that of the 3rd cycle.  

 

Figure 2 Cycling performance of NMC811 composite electrodes with different electrolyte 
solutions. (a) The discharge capacity and charge-discharge profile with (b) 3.1 M LiPF6 in 
EC/EMC and (c) 1.0 M LiPF6 in EC/EMC upon charging to 4.6 VLi. At the 1st and 100th cycle, the 
cells were measured in a three-electrode configuration, which composed of NMC811|Li4Ti5O12-
mesh|Li (see experimental section in detail), galvanostatically charged at 27.5 mA/g (C/10) and 
subject to EIS measurements (Nyquist plots are available in Figure 3). From the 2nd to the 99th 
cycle and after 101st cycle, the cells were tested with a two-electrode configuration that consisted 
NMC811 as the working electrode and Li metal as the counter electrode upon cycling between 4.6 
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and 2.0 VLi, which included first charging to 4.6 VLi under 1C, subsequently voltage holding at 4.6 
VLi until the current reached C/20, then discharging at 1C to 2.0 VLi.  

 

 EIS measurements of NMC811 composite electrodes in the NMC811|Li4Ti5O12-mesh|Li 

three-electrode cells obtained in the 1st and 100th cycles at C/10 further supported smaller 

impedance growth during cycling in the most concentrated electrolyte (3.1 M) than that of 1.0 M. 

As shown in Figure 3, two semicircles were observed in the Nyquist plots for Li intercalation into 

composite electrodes like previous work.58,109 The high-frequency semicircle (left, 103 – 104 Hz) 

has been assigned to impedance at the electrified interface (predominantly lithium ion migration 

and adsorption/desorption in the pore structure of composite electrode58) while the low-frequency 

semicircle (right, 100 – 101 Hz)) corresponds to the combination of charge transfer resistance at 

the electrode-electrolyte interface (equivalent circuit can be found in the inset of Figure 3c).58  In 

the first cycle, although a higher resistance was observed for the low-frequency semicircle (100 – 

101 Hz) in the most concentrated solution compared to 1.0 M solution (Figure 3ab) at 4.0 VLi, 

suggesting greater charge-transfer resistance58 in 3.1 M solution,  a smaller increase in the low-

frequency impedance was found with increasing potential from 4.0 to 4.5 VLi for the 3.1 M than 

the 1.0 M electrolyte. It is interesting to note in Figure 3a, high-frequency resistance (103 – 104 

Hz) and low-frequency resistance (100 – 101 Hz) were comparable below 4.2 VLi while RLF 

suddenly became ~10 times larger when the potential increased from 4.2 to 4.3 VLi, indicating 

severe resistance growth on the NMC811 surface in the 1.0 M electrolyte, which is consistent with 

greater capacity loss upon cycling to 4.3 VLi and greater. 110 At the 100th cycle (Figure 3cd), the 

low-frequency impedance with 3.1 M solution grew slightly (~100 Ω at 4.0 VLi) and exhibited 

comparable potential dependence to that in the first cycle.   In contrast, the low-frequency (charge 

transfer) impedance with 1.0 M grew significantly after 100 cycles, where the potential 
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dependence of the impedance observed in the first cycle disappeared. These observations are in 

agreement with higher capacity retention and lower overpotential observed during cycling in the 

most concentrated electrolyte (3.1 M) compared to electrolytes of lower salt concentrations shown 

in Figure 2. Although the cycling experiments were carried out with two-electrode configuration, 

this three-electrode EIS results clearly shows that the capacity decay is mainly caused by NMC 

positive electrode side. In addition, two-electrode cell cycling of Li/NMC111 in the conventional 

electrolyte: 1 M LiPF6 in EC:EMC has much reduced capacity loss than that of Li/NMC811 in this 

work and in previous work,9,111 indicating that the lithium metal electrode and its interfacial 

changes during cycling is not responsible for large capacity loss noted for Li/NMC811.  Further 

support came from EIS measurements of potential holds at 4.4 VLi for 100 hours in the 3.1 M and 

1.0 M LiPF6 electrolytes, shown in Figure S10. Both high-frequency and low-frequency 

impedances were found not to change with time for 100 hours with the 3.1 M LiPF6 EC/EMC 

electrolyte shown in Figure S10b, which is consistent with the higher capacity retention in cycling 

results (Figure 2a). On the other hand, the low-frequency impedance was found to continuously 

increase with time in the 1.0 M electrolyte while there was no significant changes for the high-

frequency impedance upon a potential hold at 4.4 VLi (Figure S10a), which is in agreement with 

the assignment of high-frequency impedance to the electrified interface resistance associated with 

ion adsorption and desorption in the composite pore structure. Not only did NMC811 show a much 

greater low-frequency impedance of ~400 Ω under comparable conditions to that of other positive 

electrode materials such as composite LixCoO2 (~20 Ω) for RLF at 4.4 VLi,58 but the low-frequency 

impedance also increased sharply with time in Figure S10a, which is consistent with capacity loss 

and overpotential growth during cycling shown in Figure 2b and Figure 2c, respectively. The 

bulk resistances in concentrated electrolyte (3.1 M solution) and 1.0 M solution are ~10 ohm and 
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~3 ohm, respectively, while the charge-transfer resistances in both electrolytes are ~200 ohm at 

4.3 VLi at the first cycle and increase over cycling (Figure 3). Thus, the rate limiting step of this 

system would be the charge transfer reaction at the NMC811-electrolyte interface. 

 
 

 
Figure 3 Nyquist plots for EIS measurement on NMC811 composite electrode in 
NMC811|Li4Ti5O12-mesh|Li three electrode cell with 1.0 M LiPF6 / EC-EMC (3:7 wt/wt) at (a) 1st 
cycle and (b) 100th cycle, and with 3.1 M LiPF6 / EC-EMC (3:7 wt/wt) at (c) 1st cycle and (d) 
100th cycle at different potential at 25 oC. At 1st and 100th cycle, the cell was operated with three-
electrode configuration and galvanostatically charged at 27.5 mA/g (0.1C) and hold potential for 
1 hour at each potential (3.9, 4.0, 4.1, 4.2, 4.3, 4.4, 4.5 and 4.6 VLi), then relax 1 hour before EIS 
sequence. From 2nd to 99th cycle, the cell was operated with two-electrode configuration 
(NMC811 as working electrode and Li metal as counter electrode) and cycle between 4.6 and 2.0 
VLi with CCCV condition (1C charge to 4.6 VLi and hold at 4.6 VLi until the current reach to C/20, 
then discharge at 1C to 2.0 VLi, cycle performance can be found in Figure 2).  
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The influence of Free-solvent activity on the surface chemistry of cycled NMC811 

 

Figure 4 DRIFT spectra of (a) C=O stretching region for LixNi0.8Mn0.1Co0.1O2 (NMC811) for 
pristine pellets (no electrolyte exposure) and after charged to 4.1, 4.2, 4.4, and 4.6 VLi in 1.0 
M (=LP57) and 3.1 M LiPF6 in EC/EMC (3:7 w:w). (b) Simulated FT-IR spectra of C=O 
vibration shown in EC, Li+-coordinated EC, dehydrogenated EC (deH-EC), Li+-coordinated 
dehydrogenated EC, EMC, vinylene carbonate (VC), and oligomers possibly formed through 
EC dehydrogenation (including, from top to bottom, C6H8O3, C5H8O4, C9H16O3, C6H10O3). (c) 
C=O stretching region for LixNi0.6Mn0.2Co0.2O2 (NMC622), and LixNi0.8Mn0.1Co0.1O2 
(NMC811) for pristine pellets (no electrolyte exposure) and after charged to 4.1, 4.2, 4.4, and 
4.6 VLi in 1.0 M LiPF6 in EC/EMC (3:7 w:w) and 1.0 M LiBF4 in EC/EMC (3:7 w:w).The 
example electrochemistry profiles of NMC622, and 811 pellet electrodes in different 
electrolytes are shown in Figure S11. 

 

To examine the reactivity of the electrolyte towards the NMC oxide surface, surface analysis 

for charged NMC was conducted via FT-IR DRIFT and XPS measurements. DRIFT measurements 

showed that there was a decrease in the oxide-electrolyte reactivity induced by a decrease of free 



 24 

solvent by increasing LiPF6 concentration.  Figure 4a shows the C=O stretching region of pristine 

NMC 811 and charged electrodes to 4.1 VLi, 4.2 VLi, 4.4 VLi, 4.6 VLi from DRIFT measurements, 

and that of the pristine electrolyte (1.0 M LiPF6 in EC/EMC 30/70 w/w%) from the ATR 

measurements, which comprises of three major peaks at ~1807, ~1773, and ~1744 cm-1, 

corresponding to the C=O stretching mode of EC, Li+-coordinated EC, and EMC, respectively.14 

Upon charging to 4.6 VLi in 3.1 M, no visible blueshift was observed for the C=O stretching modes 

of  NMC811, revealing no evidence of EC dehydrogenation on NMC 811 in the most concentrated 

region with low free-carbonate activity. In addition, Raman spectroscopy experiments for charged 

NMC811 pellet electrodes charged to 4.6 VLi in 3.1 M LiPF6 solution failed to detect characteristic 

peaks at ~732 cm-1 and 907 cm-1 attributed to dehydrogenated EC (ring distortion and ring 

breathing mode of dehydrogenated Li+-EC, respectively)14 (Figure S13), further supporting that 

the most concentrated electrolyte suppresses carbonate oxidative dissociation. In contrast, upon 

charging NMC811 to 4.2 VLi in 1.0 M LiPF6 in EC/EMC, a blueshift was observed for the peaks 

at 1807 and 1773 cm-1 which can be attributed to EC-derived species formed on charged oxide 

surfaces through the dehydrogenation of CH2-hydrogen in EC.14 This assignment is supported by 

the calculated spectra for the C=O stretching mode of dehydrogenated EC coordinated with Li+ 

(1811 cm-1) and/or oligomers derived from dehydrogenated EC such as C5H8O4 (1806 cm-1) and 

C6H10O3 (1791 cm-1) in Figure 4b (chemical structures of C5H8O4 and C6H10O3 are also shown). 

This blueshift cannot be attributed to EMC or EMC-derived features as C=O stretching of EMC 

(Figure 4b middle panel) is located at much lower wavenumbers (around 1740 cm-1). In addition, 

as DRIFT is an ex-situ analysis after grinding charged pellet electrode with KBr, the bound 

carbonate and free carbonate can be exchanged during sample preparation. This would explain 

why bound EC exhibits a blue shift even if free carbonate is dehydrogenated. As further evidence, 
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a simple mixture of LiPF6 and carbonates prepared with the same procedure showed a decrease in 

the free EC band and an increase in the Li+-EC band, which indicates that there is an exchange 

between free/bound species during the grinding process. In summary, DRIFT spectra on charged 

electrodes revealed that with decreasing LiPF6 concentration (increasing free-carbonate activity), 

we lowered the onset potential for solvent dissociative adsorption on oxide surfaces, and increased 

the solvent and oxide reactivity.  

 Switching from LiPF6 to less dissociative LiBF4 to have more free solvent molecules than 

Li+-coordinated molecules, DRIFT measurements showed increased oxide-electrolyte reactivity 

with charged NMC622 and 811.  Upon charging to 4.4 VLi for NMC622 in 1.0 M LiBF4 electrolyte, 

a blueshift is observed for the peaks at 1807 and 1773 cm-1 whereas no significant changes are 

observed for NMC622 even when charged to 4.6 VLi in 1.0 M LiPF6 electrolyte (Figure 4c). A 

similar blueshift is observed for NMC811 charged to 4.2 VLi and above in LiPF6 and charged to 

4.1 VLi and above in LiBF4. Such blueshifts can be attributed to EC-derived species formed on 

charged oxide surfaces through the dehydrogenation of CH2-hydrogen in EC.14 This observation 

indicates that 1.0 M LiBF4 electrolyte shows lower onset voltages for solvent dehydrogenation 

compared with more dissociative LiPF6 on NMC622, as well as NMC811, supporting the argument 

that electrolytes with lower free-carbonate activity show increased stability against 

dehydrogenation on the oxide surface. This argument is in agreement with NMC811 cycled with 

1.0 M LiPF6 having greater capacity retention than 1.0 M LiBF4 (Figure S14). 



 26 

 

Figure 5 Concentration dependent XPS spectra of the (a) F1s and (b) O1s photoemission lines 
collected from carbon-free, binder-free NMC811 electrodes. C1s and P2p spectra are available in 
Figure S15. Atomic percentages from XPS spectra for the pristine and charged carbon-free, 
binder-free NMC811 electrodes in (c) 3.1 M LiPF6 and (d) 1.0 M LiPF6 in EC: EMC 3:7 (wt:wt). 
The electrodes were charged to 4.1, 4.2, 4.4 and 4.6 VLi at 2.75 mA/g (C/100) and held at the given 
potential for 5 hours using 1.0 M LiPF6 in EC: EMC (3:7 wt:wt) and 3.1 M LiPF6 in EC: EMC 
(3:7 wt:wt) solution and compared with pristine electrodes. All the spectra were normalized by 
fixing the C1s photoemission peak of adventitious carbon (285 eV). The example electrochemistry 
profiles of NMC811 carbon-free binder-free powder electrodes are shown in Figure S16. 

 

 The increased electrolyte stability with decreasing free solvent activity is further supported 

by XPS results. XPS spectra of F 1s and O 1s (Figure 5ab) along with C1s, P2p, Ni2p, Co2p, 

Mn2p, Li1s/Co3p spectra (Figure S15 and Figure S17) were collected from carbon-free, binder-

free NMC811 electrodes charged to different potentials of the first charge in the 3.1 and 1.0 M 

LiPF6 electrolyte. The F1s spectra can be deconvoluted into three species: metal 

fluorides/oxyfluorides (LiMxFyOz) around 685.1 eV, LixPFyOz species around 686.6 eV and LiPF6 

salt at 688.3 eV.14 O1s spectra were also fitted to components at 529.3 eV, 531 eV, 532 eV, 533.4 

eV, which can be attributed to O lattice17,112,113, ROLi (semicarbonate and polyether species) 114,115, 
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semicarbonates (ROCO2Li) with the CO3 group116,117, O-C=O bond as in esters or single bond 

between a carbon and oxygen (C-O) like in polyethers112,114,118. NMC811 electrodes charged to 

4.1 and 4.2 VLi in the 3.1 M LiPF6 electrolyte were found to have less coverage of LiMxFyOz (685.1 

eV)14 and more coverage of LixPFyOz (686.6 eV) and/or LiPF6 (688.3 eV) in the F1s spectra 

(Figure 5a) relative to those charged in the 1.0 M LiPF6 electrolyte (Figure 5a). This observation 

is in agreement with the lower oxygen lattice component of  LiMxFyOz (529.3 eV,14 Figure 5b) 

than oxygenated species such as LixPFyOz (534.8 eV,  Figure 5b) in the O1s spectra relative to 

those found for the 1.0 M LiPF6 electrolyte,14,17,37 where the O lattice peak of LiMxFyOz (529.3 

eV,14 Figure 5b) for charged NMC811 in both electrolytes was shifted to higher binding energy 

together with greater binding energy of the Ni2p peak (Figure S17) with increasing charging 

voltage. As the formation of lithium nickel oxyfluoride (LiMxFyOz) has been attributed to oxide-

mediated electrolyte oxidation,14,17 specifically reactions among charged NMC811, LiPF6 and 

protic species resulted from EC dehydrogenation on charged NMC81114,17, these XPS results 

suggest that charged NMC811 in the 3.1 M electrolyte is more stable against oxide-mediated 

electrolyte oxidation14,17 up to 4.2 V. This hypothesis is supported by much less coverage of 

oxidized carbon species such as C-O (Figure 5b-d) found on charged NMC811 in the 3.1 M 

electrolyte than the 1.0 M electrolyte, indicative of the oxidation of carbonate solvents. 

Unfortunately, with an increase in voltage to 4.6 VLi, the intensity of LiMxFyOz (685.1 eV) in the 

F1s (Figure 5a and Figure 5cd) edge became greater for charged NMC811 in the 3.1 M LiPF6 

electrolyte, indicating greater reactivity with the electrolyte than for voltages 4.2 V and lower. 

Nevertheless, XPS results of charged NMC811 in the 3.1 M electrolyte (7% free solvents) to 4.2 

V and lower, showing less coverage of lithium metal oxyfluorides and oxidized carbon species 

than that in the 1.0 M electrolyte (~50% free solvents), support that lithium-coordinated carbonate 
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solvents are more stable against oxide-mediated dehydrogenation and electrolyte oxidation than 

free carbonate solvents. 

 

Figure 6 XPS spectra of the O1s and F1s photoemission lines for NMC111 (a), NMC622 (b) an 
NMC811 (c) for the pristine carbon-free, binder-free electrodes and after charging to 4.1, 4.2, 4.4, 
and 4.6 VLi with 1.0 M LiBF4 in EC: EMC (3:7 wt:wt) electrolyte. The C1s, B1s, Co2p, Mn2p, 
Ni2p and Li1s/Co3p XPS spectra is shown in Figure S18, Figure S19 and Figure S20. Atomic 
percentages from XPS spectra for F in metal fluorides/oxyfluorides, LiBFx and LiPFyOz (from F1s 
region) in the pristine and charged carbon-free, binder-free (d) NMC111, (e) NMC622 and (f) 
NMC811 electrodes at 4.1, 4.2, 4.4 and 4.6 VLi using 1.0 M LiPF6 or LiBF4 in EC: EMC 3:7 
(wt:wt). Other atomic percentages are available in Figure S21. The deconvolution parameters are 
shown in Table S5, Table S6 and Table S7. The representative electrochemical profile is shown 
in Figure S22. The original spectra in 1.0 M LiPF6 electrolyte are available in previous 
publication.14 
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 Further support for the stability of lithium-coordinated carbonate solvent molecules against 

oxide-mediated dehydrogenation and electrolyte oxidation compared to free carbonate molecules 

came from XPS results of charged NMC111, 622 and 811 in a 1.0 M LiBF4 electrolyte, which has 

more free solvent molecules than 1.0 M LiPF6 (Figure 1e). XPS analysis of O1s and F1s spectra 

(Figure 6a-c along with C1s, B1s, Mn2p, Ni2p, Co2p and Li1s/Co3p) of carbon-free, binder-free 

NMC 111, 622 and 811 electrodes charged to 4.1, 4.2, 4.4 and 4.6 VLi in 1.0 M LiBF4 EC/EMC 

electrolyte (Figure S18, Figure S19 and Figure S20) were compared to those charged in 1.0 M 

LiPF6 EC/EMC electrolytes as reported previously.14 The F1s spectra can be deconvoluted to three 

species: metal fluorides/oxyfluorides (LiMxFyOz) around 685 eV14,112, LiBFx species around 686.5 

eV87 and LiBF4 salt at 688.5 eV.87 The F1s intensity of NMC 111 charged with LiBF4 electrolyte 

is higher than NMC 111 charged with LiPF6 electrolyte (Figure 6) suggesting greater reactivity 

with BF4- than PF6- associated with EC dehydrogenation with the 1.0 M LiBF4 electrolyte (with 

more free solvents, 73%). This argument is supported by the Ni2p and O1s spectra of NMC 111 

charged with LiBF4 electrolyte, where the Ni2p spectra shifted to higher binding energy from 

854.5 eV to 856.0 eV with increasing potential, indicating the formation of lithium nickel 

oxyfluoride species,14 and the O lattice peak shift to higher binding energy with increasing 

potential. Similarly, NMC 622 charged in 1.0 M LiBF4 electrolyte revealed higher intensity of 

LiMxFyOz-like species than NMC 622 charged with the LiPF6 electrolyte whereas the LiMxFyOz-

like species have comparable atomic percentages for NMC 811 charged with LiBF4 and LiPF6 

electrolyte. This observation is consistent with the differences noted in the C=O region of the 

DRIFT spectra of NMC622 and 811 charged with LiBF4 and LiPF6 electrolytes. While DRIFT 

spectra of NMC622 charged with LiBF4 electrolyte revealed earlier voltage onset of EC 

dehydrogenation than NMC622 charged with LiPF6 electrolyte (4.1 VLi with LiBF4, 4.6 VLi with 
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LiPF6), NMC 811 results indicate similar onset potentials for EC dehydrogenation. The 

contribution of LiMxFyOz-like species decreased with increasing potential for NMC 111, 622 and 

811 (Figure 6d-f), suggesting surface removal of these F-containing species. The reduction of 

LiMxFyOz-like species on charged NMC electrodes might expose the reactive oxide surface to the 

electrolyte for subsequent cycles and further degrade/oxidize the electrolyte. Moreover, the 

intensity of F1s collected from charged NMC622 and 811 are larger than NMC111, indicating 

greater reactivity towards LiBF4 as the nickel content increases, which is in agreement with 

previous work with 1.0 M LiPF6 electrolyte by Yu et al.14  Furthermore, unlike LiPF6 results from 

our previous work14, there is almost no sign of formation of B-F-O species. This is due to the 

differences between hydrolysis of LiPF6 and LiBF4 salt. While the hydrolysis of LiPF6 forms POF3 

species (LiPF6 + H2O -> LiF+POF3+2HF), the hydrolysis of LiBF4 does not form B-F-O species, 

but H3BO3 species instead (LiBF4 + H2O -> H3BO3+HF+LiF). 119 

 

Discussion  

Carbonate dehydrogenation reactions can be suppressed (Figure 4) in concentrated electrolytes 

with lower free-carbonate activity (Figure 1), providing lower resistance growth (Figure 3) and 

much higher capacity retention for cycling of Ni-rich NMC electrodes (Figure 2). The enhanced 

capacity retention is not due to the formation of coatings on NMC811 in the concentrated 

electrolyte (Figure 6). The concentrated electrolyte solutions, which have lower free-carbonate 

activity, have higher stability against carbonate dehydrogenation. Cycling NMC811 electrodes in 

the 1st formation cycle in the concentrated electrolyte and replacing this with 1.0 M solution shows 

almost the same capacity decay as the cycling results with 1.0 M solution (Figure S23), and the 

changes in F1s spectra together with C1s and O1s spectra indicate the formation of a non-
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protective EEI layer on NMC811 surfaces. Thus, we conclude that the higher capacity retention 

for the cycling experiment in 3.1 M LiPF6 EC/EMC solution is not a result of the formation of a 

protective layer to passivate further decomposition, and the electrolyte used must always be 

concentrated to avoid parasitic decomposition reactions of the electrolyte at the electrode surface.  

Intuitively, the higher stability could arise from a difference in dehydrogenation energy 

between free-carbonate and Li+-bound carbonate. However, calculated bond dissociation energies 

for EC dehydrogenation are 2.10 eV and 2.13 eV in free-EC and Li+-bound-EC, respectively, as 

computed at the DFT/B3LYP level of theory in implicit solvent, which is almost identical and 

cannot explain the above observations. We thus hypothesized that the higher stability of Li+-bound 

carbonates is due to slower reaction kinetics at the oxide surface. The reaction profile for EC 

surface-mediated oxidative dehydrogenation has been computed by Østergaard et al. 120 on 

Li0.5CoO2 with and without the involvement of a EC chemisorbed reaction intermediate, where the 

carbonyl carbon forms a bond with a surface oxygen (Figure 7). They reported that the EC 

chemisorption step lowers the activation barrier compared to a direct proton transfer path, which 

is kinetically inhibited (0.78 eV and 1.15 eV activation energy with and without the chemisorption 

step).120 Based on the requirement for the chemisorption step, which is formed after the carbonyl 

oxygen of EC coordinates to the metal site of oxide surface (electrophilic attack, Figure 7), we 

calculated the interaction energy between EC and the metal site of LiMO2 (M=Mn, Co, Ni), Mn-

doped LiNiO2 and Co-doped LiNiO2, as well as  EC and Li+ ion in the electrolyte solution (ion-

dipole interaction) as shown in Table S8. The interaction energy between EC and the oxide surface 

was found to be -0.5 eV or weaker, while the interaction energy of EC and Li+ (computed in 

vacuum) ranges from -2.37 eV for Li+EC to -0.78 eV for Li+(EC)3, which indicates that EC 

preferentially interacts with Li+ in the solution. This result can be understood intuitively, as the 
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EC-Li+ interaction is an ion-dipole interaction while the EC-oxide interaction is a dipole-dipole 

interaction, which is generally weaker. Therefore, if there are free-carbonate species in the 

electrolyte solution, this free-carbonate can interact with the oxide surface and form chemisorbed 

EC with a lower activation barrier for the dehydrogenation reaction. On the other hand, if the 

activity of free-carbonate is quite low such as the case where a dissociative salt was used in the 

highly concentrated region, Li+-bound-carbonate preferentially interacts with Li+ than with the 

oxide surface, making carbonate dehydrogenation more difficult. The thermodynamic reaction 

profile for Li(EC)3 on LiNiO2 with and without EC chemisorbed reaction intermediate, is reported 

in Figure 7a. We can see that the pathway involving the chemisorbed intermediate requires the 

desolvation of EC, which has an energy penalty of more than 1 eV. The proton transfer in the 

direct dehydrogenation pathway is thermodynamically uphill, and can be kinetically hindered, 120     

making the oxidative dehydrogenation of EC in Li(EC)3 more difficult compared to free EC, where 

the reaction profile for both pathways is thermodynamically flat or downhill (Figure 7b). Notably, 

the dehydrogenated states, where dehydrogenated EC is adsorbed on the surface with and without 

the ring opening, is less thermodynamically stable for Li(EC)3 compared to free EC, due to the 

stability of EC coordinated to Li in solution, indicating a much lower driving force for 

dehydrogenation of EC in Li(EC)3. This proposed mechanism shows another electrolyte design 

principle to suppress parasitic reactions at the electrode-electrolyte interface via tuning the 

solvation structure and activity of free-solvent in the electrolyte solution. 
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Figure 7 Computed thermodynamic potential energy diagram for surface oxidative 
dehydrogenation of (a) Li (EC)3 complex and (b) free EC on the (101*4) surface of LiNiO2, with 
(red line) and without (blue line) the formation of a chemisorbed reaction intermediate. The 
energies are referenced to the configuration where EC is bound to Li in solution for Li (EC)3 and 
to EC with the carbonyl oxygen coordinated to the oxide metal site (electrophilic attack) for free 
EC. The configurations of reactants, products and reaction intermediates are shown in the insets. 
Li atoms are shown in light green, Ni in light gray, O in red, C in dark gray, and H in light blue. 
Li+(solvent)3 was identified as one of the most common solvation environments in highly 
concentrated solution such as 3.1 M LiPF6 in EC/EMC (LiPF6:EC/EMC=1:3) as supported by 
Raman spectroscopy shown in Figure 1.  

 
 
 

Conclusions 
 

We study the effect of electrolyte solvation structure by varying LiPF6 concentration and replacing 

LiPF6 with less dissociative LiBF4 salt, on NMC111, 622 and 811 electrodes, combining battery 

cycling, EIS, Raman, FT-IR and XPS measurements. Solution Raman spectra show that the 

activity of free-carbonate species decreases either through increasing salt concentration or 

introducing a more dissociative salt such as LiPF6 rather than LiClO4 and LiBF4. In particular, 

increasing LiPF6 concentration reduced the activity of free-carbonate to the lowest value of 7 mol% 
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in 3.1 M LiPF6 in EC:EMC (3:7wt) solution (LiPF6:Carbonate = 1:3 mol/mol mixture). NMC811 

electrodes cycled in highly concentrated LiPF6 electrolyte exhibited higher capacity retention than 

electrolytes with a lower salt concentration, which is supported by less charge transfer impedance 

growth in the concentrated electrolyte as detected by EIS measurements. By combining Raman, 

DRIFT and XPS of NMC111, 622 and 811 charged in electrolytes with different LiPF6 

concentrations and replacing the salt with less dissociative LiBF4 salt, we show evidence for earlier 

onset of EC dehydrogenation and the formation of protic species in the lower concentration and 

less dissociative electrolytes. However, by further increasing LiPF6 concentration, carbonate 

dehydrogenation is suppressed even on the NMC811 surface. An oxide-mediated mechanism of 

electrolyte chemical oxidation can also be affected by solvation structure, where LiBF4 has higher 

ionic association strength than LiPF6 salt, having more free EC molecules/less Li+ coordinated EC 

solvent in the electrolyte to dehydrogenate at earlier potentials. In addition, simply increasing 

LiPF6 concentration can further suppress dehydrogenation due to much lower free-carbonate 

activity in the highly concentrated solution. Li+-bound-carbonate molecules are less prone to 

interact with the transition-metal oxide surface, as the carbonate-Li+ interaction is stronger than 

the carbonate-transition metal interaction. Therefore, it is unfavorable for carbonate species to 

oxidatively dehydrogenate on the oxide surface in concentrated solution which would lead to 

decomposition products on the NMC surface. In contrast, in less concentrated solutions where 

there is a considerable amount of free-carbonate species, free-carbonates can interact directly with 

the oxide surface, where they easily dehydrogenate. The resulting decomposition products behave 

as a resistor for the charge-transfer reaction, while resistance does not increase in concentrated 

solution, which has low free-carbonate activity. Through these findings, we propose the activity 

of free-carbonate as a descriptor for the chemical oxidation of EC, which provides insights into 
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the effect of solvation structure on electrolyte degradation in lithium ion batteries and rational 

design for novel salt and electrolyte. The concentrated electrolyte with lowest free-solvent activity 

studied in this work exhibited the highest capacity retention on NMC811 electrodes of >150 mAhg-

1 after 500 cycles upon charging to 4.6 VLi (77 % capacity retention and Coulombic efficiency of 

99.7 % 3-99th ave). 
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Table S 1 Molar ratio of LiPF6:EC/EMC, viscosity (η), density (d), concentration of LiPF6 (c) and 
ionic conductivity (σ) of LiPF6 in EC:EMC (3:7wt) solutions at 25 °C.  

LiPF6:EC/EMC [Carbonate]/[Li] 
h d c s 

mPa s g cm-3 mol dm-3 mS cm-1 

1:3 3 57.0 1.37 3.06 1.98 
1:4 4 20.0 1.32 2.41 4.17 
1:5 5 10.7 1.27 1.97 6.45 
1:8 8 4.32 1.22 1.30 9.15 

1:10.5 10.5 3.00 1.19 1.00 8.88 
1:25 25 1.47 1.14 0.43 6.63 
1:50 50 1.22 1.12 0.22 4.15 

pure EC/EMC (3:7wt) - 0.93 1.10 0 - 

 

Table S 2 Viscosity (η), density (d) and ionic conductivity (σ) of 1 M LiPF6, LiClO4 and LiBF4 in 
EC:EMC (3:7wt) solutions at 25 °C. 

1 M LiX in EC/EMC 
h d s 

mPa s g cm-3 mS cm-1 

LiPF6 3.00 1.19 8.88 

LiClO4 2.60 1.16 5.34 

LiBF4 2.11 1.15 2.98 

pure EC/EMC (3:7wt) 0.93 1.10 - 

 

Table S 3 Viscosity (η), density (d) and ionic conductivity (σ) of LiPF6 solution in different solvent 
at 25 °C. *Viscosity and density of EC was measured at supercooling liquid state at 25 oC as 
melting point of EC is ~35 oC. **Donor number of 16 is value for diethyl carbonate and 17.2 is 
value for dimethyl carbonate. 

 er 
Donor 
number 

h d s 

mPa s g cm-3 mS cm-1 

1 M LiPF6 in EC/EMC  
 3.00 1.19 8.88 

1.5 M LiPF6 in EC  
 11.00 1.44 7.19 

1 M LiPF6 in EMC  
 1.70 1.11 4.47 

pure EC 90 16.4 ~2.7* 1.33* - 

pure EMC 3.0 16-17.2** 0.62 1.01 - 

pure EC/EMC (3:7wt)     0.93 1.10 - 
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Figure S 1 Arrhenius plots for (a) ionic conductivity and (b) viscosity for various concentration 
range of LiPF6 in EC:EMC (3:7wt) solution. To avoid the effect of glass transition, the plot was 
fitted only high temperature region since ionic conduction in solution electrolyte is generally 
governed by Vogel-Tammann-Fulcher (VTF) equation: R-1= Aexp(-Ea/R(T-T0)), which is glass 
transition temperature corrected (T0: Vogel temperature, glass transition in ideal glasses) Arrhenius 
relationship, and gives straight line only at high temperature region.[1] Calculated activation 
energy was shown in (c), which shows linear relationship between ionic conduction and viscosity. 

 

Figure S 2 Typical results on the deconvolutions of Raman spectra by the Gaussian-Lorentzian 
function. (a) 850 -965 cm-1 (carbonate bands), (b) 700-760 cm-1 (PF6- bands) regions for 1.0 M 
LiPF6 in EC:EMC (3:7wt) solution and (c) 850 -965 cm-1 (carbonate bands), (d) 700-760 cm-1 (PF6- 
bands) regions for 3.1 M LiPF6 in EC:EMC (3:7wt) solution. The spectra for 780-900 cm-1 were 
deconvoluted into 6 bands (~875, 892, ~904, ~929.6, 938 and ~946 cm-1) and that for 710-780 cm-

1 were deconvoluted into 4 bands (~716, ~729, ~741.5, ~744.4 cm-1).  
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Figure S 3 Raman spectra of pure EMC and EC:EMC (3:7 wt:wt) mixtures measured at 25 °C. 

 

 

Figure S 4 Raman spectra of 1.0 M LiBF4 in EC:EMC (3:7wt) solution in the B-F stretching range 
from 750 to 790 cm−1 measured at 25 °C, with 632 nm laser to suppress fluorescence effect to 
avoid overlapping relatively weak B-F stretching signal. The band at 765.8 cm-1 can be assigned 
to free-BF4 and at 773.9 cm-1 to bound-BF4 to Li+ in the solution. Estimated molar fractions of Li+-
bound BF4- (Ibound-BF4 / Itotal-BF4) in the solution based on the ratio of integral intensities is 26 %. 
The R2 values for deconvolution are higher than 0.971. 
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Figure S 5 Attenuated total reflection (ATR) spectra of 1.0 M LiPF6 (red), LiClO4 (brown) and 
LiBF4 (black) in EC/EMC (3:7 wt:wt). The bands at 1774 and 1807 cm-1 represent the C=O 
stretching mode of EC molecule with and without Li coordination, and the bands located at 1720 
cm-1 and 1744 cm-1 represent the C=O stretching of EMC molecule. 

 

Figure S 6 Charge-discharge profile with (a) 1.0 M LiPF6 and (b) 3.1 M LiPF6 in EC/EMC in 
EC/EMC at 1st and 100th cycle conducted with 0.1C condition, while 2nd – 99th cycles were 
conducted at CC-CV 1C-0.05C condition. The cells were charged at 0.1C and potential was held 
at 3.9, 4.0, 4.1, 4.2, 4.3, 4.4, 4.5 and 4.6 VLi for 1 hour, and rest 1hour followed by EIS 
measurement (the dots in the figure are the points EIS measurement were conducted). Slightly 
larger discharge capacity at 100th cycle compared with the charge capacity is most likely come 
from residual charge from faster cycling before 99th cycle. 

 

0 50 100 150 200 250 300

2.2

2.6

3.0

3.4

3.8

4.2

4.6

P
ot

en
tia

l /
 V

Li

Capacity / mAh g-1

1st100th

0 50 100 150 200 250 300

2.2

2.6

3.0

3.4

3.8

4.2

4.6

P
ot

en
tia

l /
 V

Li

Capacity / mAh g-1

(a) 1.0 mol/L LiPF6 in EC/EMC (b) 3.1 mol/L LiPF6 in EC/EMC

1st100th

EIS

EIS

EIS EIS



- 5 - 
 

 
Figure S 7 Cycling performance of NMC811 composite electrodes with different electrolyte 
solutions upon charging to 4.6 VLi (2nd-99th cycle at CC-CV 1C-0.05C condition). At the 1st and 
100th cycle, the cells were measured in a three-electrode configuration, which composed of 
NMC811|Li4Ti5O12-mesh|Li (see experimental section in detail), galvanostatically charged at 27.5 
mA/g (0.1C). From the 2nd to the 99th cycle and after 101st cycle, the cells were tested with a 
two-electrode configuration that consisted NMC811 as the working electrode and Li metal as the 
counter electrode upon cycling between 4.6 and 2.0 VLi. Slightly lower capacity on the EC-only 
and EMC-only electrolyte than EC/EMC electrolyte can be attributed to the lower ionic 
conductivity of EC-only and EMC-only electrolyte compared with an EC/EMC mixture electrolyte 
(Table S 3). 

 
Figure S 8 Charge-discharge cycle performance of NMC811 composite electrodes with different 
electrolyte solutions at cut-off voltage of 4.4 VLi. (a) Concentration dependent capacity retention 
(2nd-99th cycle at CC-CV 1C-0.05C condition) and charge-discharge profile with (b) 3.1 M LiPF6 
in EC/EMC and (c) 1.0 M LiPF6 in EC/EMC. NMC811|Li4Ti5O12-mesh|Li three electrode cell was 
used. At 1st and 100th cycle, the cells were operated with three-electrode configuration and 
galvanostatically charged at 27.5 mA/g (0.1C) with measuring EIS. From 2nd to 99th cycle and 
after 101st cycle, the cells were operated with two-electrode configuration (NMC811 as working 
electrode and Li metal as reference/counter electrode) and cycle between 4.4 and 2.0 VLi with 
constant current – constant voltage (CCCV) condition (1C charge to 4.4 VLi and hold at 4.4 VLi 
until the current reach to 0.05C, then discharge at 1C to 2.0 VLi). Only fast cycle at 1C/0.05C 
(CC/CV) from 2nd to 99th cycles were shown. 
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 Figure S 9 Coulombic efficiency of battery cycling experiment on NMC811 composite electrode 
with different electrolyte concentration at room temperature. Original charge-discharge curves and 
capacity retention are shown in Figure 2. Coulombic efficiency of EIS cycle (1st and 100th cycle) 
are not plotted. 

 
Figure S 10 Nyquist plots for EIS measurement on NMC811 composite electrode in 
NMC811|Li4Ti5O12-mesh|Li three electrode cell with potential held at 4.4 VLi in (a) 1.0 M and (b) 
3.1 M LiPF6 / EC-EMC (3:7 wt/wt) solution at 25 oC. The cells were galvanostatically charged at 
27.5 mA/g (0.1C) and held potential for 100 hours at 4.4 VLi. Two semicircles were observed in 
the Nyquist plots for Li intercalation into composite electrodes like previous work.2 The high-
frequency semicircle (left) has been assigned to impedance at the electrified interface 
(predominantly lithium ion migration and adsorption/desorption in the pore structure of composite 
electrode) while the low-frequency semicircle (right) corresponds to the combination of charge 
transfer resistance at the electrode-electrolyte interface (equivalent circuit can be found in the 
inset).  
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Figure S 11  Electrochemical profiles of LiNi0.6Mn0.2Co0.2O2 (NMC622) and LiNi0.8Mn0.1Co0.1O2 
(NMC811) pellet electrodes charged to 4.6 VLi at a 0.01C rate. 

 
Figure S 12 DRIFT spectra of C=O stretching region for LiPF6, EC, EC+LiPF6 mixture, 
LixNi0.8Mn0.1Co0.1O2 (NMC811) soaked in EC:EMC (3:7wt) solution, LiPF6 + soaked NMC811 
in EC/EMC. Cumulative number of 256 was used at a 4 cm–1 resolution. Spectra were subtracted 
with respect to a reference spectrum obtained with potassium bromide (KBr) powder. Although 
Li+-EC band and free EC band around 1770 cm-1 are overlapping,3 peak intensity ratio change 
between free EC and Li+-EC indicates meaningful difference for the amount of free EC and Li+-
EC in the DRIFT samples. 
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Figure S 13 Raman spectra for charged LixNi0.8Mn0.1Co0.1O2 (NMC811) to 4.6 VLi, where peaks 
at ∼732 and ∼907 cm-1 is not emerged.  The peaks at ∼732 and ∼907 cm-1 can be attributed to the 
ring distortion and the ring breathing mode of dehydrogenated Li+-EC. 

 

 

Figure S 14 Capacity retention as a function of cycles for NMC811 cycled between 4.6 VLi and 2 
VLi in 1.0 M LiPF6 in EC/EMC (3:7 w:w) and 1.0 M LiBF4 in EC/EMC (3:7 w:w), with rate of 1 
C (~275 mA/g) by using coin cell.  
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Figure S 15 Concentration dependent XPS spectra of the (a) C1s and (b) P2p photoemission lines 
collected from carbon-free, binder-free NMC811 electrodes (O1s and F1s spectra, and 
quantification results are shown in Figure 5). The electrodes were charged to 4.1, 4.2, 4.4 and 4.6 
VLi at 2.75 mA/g (0.01C) and held at the given potential for 5 hours using 1.0 M LiPF6 in EC: 
EMC (3:7 wt:wt) and 3.1 M LiPF6 in EC: EMC (3:7 wt:wt) solution and compared with pristine 
electrodes. All spectra were calibrated with the C1s photoemission peak of adventitious carbon at 
285 eV. After subtraction of a Shirley-type background, all the spectra were normalized by fixing 
the C1s photoemission peak of adventitious carbon (285 eV) to the same value to facilitate 
comparison between samples. The spectra were assigned with the following contributions.3 C1s: 
C-H/C-C (Eb = 285 eV), C-O (Eb∼286.3 eV), C=O/O-C-O (Eb∼287.6 eV), O=C-O (Eb∼288.8 eV) 
and CO3 (Eb∼290.3 eV). P2p: phosphates (Eb∼134 eV), LixPFyOz (Eb∼136 eV) and LiPF6 
(Eb∼137.7 eV). 
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Table S 4 Binding Energies (eV) and Atomic Percentages (%) of the components from C1s, O1s, 
F1s, P2p, Li1s, Co2p, Mn2p, and Ni2p from the XPS Spectra of NMC 811 carbon-free, binder-
free electrodes charged at different potentials using 3.1 M LiPF6 in EC: EMC (3:7 wt:wt) as an 
electrolyte. 1.0 M data are available in previous publication. 3  

 

 

NMC811 Pristine 4.1V 4.2V 4.4V 4.6V 

Peak Species BE 
(eV) 

FWH
M 

(eV) 
At% BE 

(eV) 

FWH
M 

(eV) 
At% BE 

(eV) 

FWH
M 

(eV) 
At% BE 

(eV) 

FWH
M 

(eV) 
At% BE 

(eV) 

FWH
M 

(eV) 
At% 

C1s 

C-C/C-H 285 1.4 20.6
3 285 1.5 6.9 285 1.6 21.

5 285 1.6 13.
8 285 1.6 7.3 

C-O 286.
2 1.6 7.31 286.

0 1.2 1.6 286.
4 1.2 2.5 286.

3 1.2 1.7 286.
4 1.2 2.8 

C=O/O-C-O 287.
6 1.8 2.17 287.

1 1.8 2.9 287.
5 1.6 2.6 287.

0 1.5 2.6 287.
6 1.8 3.2 

O=C-O 288.
8 1.6 5.39 288.

8 2.0 1.3 289.
0 1.5 1.9 288.

8 1.6 2.4 288.
9 1.5 1.7 

CO3 290.
0 1.3 2.21 290.

0 1.3 1.5 290.
0 2.0 1.7 290.

1 2.0 1.6 290.
6 2.0 1.7 

O1s 

O lattice 529.
0 1.6 6.10 529.

7 1.6 1.6 529.
7 1.3 0.9 529.

9 1.6 2.5 529.
2 1.3 4.8 

ROLi 530.
9 1.8 6.85 530.

9 1.5 1.2 530.
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Figure S 16 Electrochemical profile of NMC811 carbon-free, binder-free electrodes charged at 
100/C to 4.6 VLi using 3.1 M and 1.0 M LiPF6 in EC: EMC 3:7 (wt:wt). Overpotential for 3.1 M 
is most likely due to higher viscosity and lower ionic conductivity. Note that carbon-free, binder-
free electrodes were prepared by just drop casting oxide powder on to Al foil and have poor contact. 

 

Figure S 17 Li1s/Co3p, Ni2p, Mn2p and Co2p XPS spectra of NMC811 carbon-free, binder-free 
pristine electrodes and after charging at 4.1, 4.2, 4.4, and 4.6 VLi using (a) 1.0 M LiPF6 and (b) 1.0 
M in EC:EMC 3:7 (wt:wt). 
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Figure S 18 C1s and B1s XPS spectra of (a) NMC111, (b) NMC622 and (c) NMC811 carbon-
free, binder-free pristine electrodes and after charging at 4.1, 4.2, 4.4, and 4.6 VLi using 1.0 M 
LiBF4 in EC:EMC 3:7 (wt:wt). 

 

Figure S 19 Mn2p and Co2p XPS spectra of (a) NMC111, (b) NMC622 and (c) NMC811 carbon-
free, binder-free pristine electrodes and after charging at 4.1, 4.2, 4.4, and 4.6 VLi using 1.0 M 
LiBF4 in EC:EMC 3:7 (wt:wt). 
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Figure S 20 Ni2p and Co3p/Li1s XPS spectra of (a) NMC111, (b) NMC622 and (c) NMC811 
carbon-free, binder-free pristine electrodes and after charging at 4.1, 4.2, 4.4, and 4.6 VLi using 
1.0 M LiBF4 in EC:EMC 3:7 (wt:wt). 

 

Figure S 21 Atomic percentages of XPS spectra for F in metal fluorides, C-O bonds, C=O/O-C-
O, O-C=O and CO3 bonds (from C1s in Figure S18), and O lattice in the pristine and charged (a) 
NMC111, (b) NMC622, (c) NMC811 carbon-free, binder-free electrodes at 4.1, 4.2, 4.4, and 4.6 
VLi using 1.0 M LiBF4 in EC: EMC 3:7 (wt:wt). 
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Figure S 22 Electrochemical profile of (a) NMC111 (black) (b) NMC622 (dark gray) (c) NMC811 
(gray) carbon-free, binder-free pristine electrodes charged at 4.6 VLi using 1.0 M LiBF4 in EC: 
EMC 3:7 (wt:wt). 
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Table S 5 Binding Energies (eV) and Atomic Percentages (%) of the components from C1s, O1s, 
F1s, B1s, Li1s, Co2p, Mn2p, and Ni2p from the XPS Spectra of NMC111 carbon-free, binder-free 
electrodes charged at different potentials using 1.0 M LiBF4 in EC: EMC (3:7 wt:wt) as an 
electrolyte. 

 

 

 

 

NMC 111 Pristine 4.1V 4.2V 4.4V 4.6V 

Peak Species BE 
(eV) 

FW
HM 
(eV) 

At% BE 
(eV) 

FW
HM 
(eV) 

At% BE 
(eV) 

FW
HM 
(eV) 

At% BE 
(eV) 

FW
HM 
(eV) 

At% BE 
(eV) 

FW
HM 
(eV) 

At
% 

C1s 

C-C/C-H 285 1.5 21.5 285 1.6 10.7 285 1.6 13.0 285 1.5 12.5 285 1.5 15.
6 

C-O 286.
4 1.5 3.7 286.

3 1.2 1.4 286.
5 1.2 1.8 286.

5 1.6 4.3 286.
5 1.4 3.0 

C=O/O-C-O 287.
6 1.7 3.5 287.

0 1.8 2.6 287.
5 1.8 1.4 287.

6 1.8 1.6 287.
4 1.8 3.5 

O=C-O 288.
8 1.6 3.5 288.

8 1.6 2.6 288.
8 1.6 2.2 288.

8 1.6 2.6 288.
9 1.5 2.8 

CO3 290.
6 1.7 0.6 290.

6 2.0 0.6 290.
6 2.0 0.8 290.

6 2.0 2.0 290.
6 2.0 1.6 

O1s 

O lattice 529.
5 1.3 21.1 529.

7 1.3 11.2 529.
9 1.3 16.2 529.

9 1.3 13.8 529.
9 1.3 14.

2 

ROLi 531.
0 1.5 6.1 530.

7 1.8 5.4 530.
9 1.5 4.8 530.

8 1.7 4.9 530.
7 1.7 5.4 

Osurf/CO3/O-
C=O 

531.
8 1.6 9.3 531.

9 1.8 8.7 532.
0 1.8 11.8 532.

1 1.7 11.0 531.
9 1.8 13.

1 
C-O/O-

C=O/OP(OR)3 
533.

4 1.7 2.0 533.
4 1.8 3.9 533.

4 1.7 3.4 533.
7 1.8 6.8 533.

4 1.8 5.6 

/ / / / / / / / / / / / / / / / 

F1s 

LiF 685.
0 2.0 2.8 685.

4 1.8 14.5 685.
0 1.8 9.8 685.

3 1.6 4.9 685.
0 1.8 2.2 

LixBFy 686.
6 1.8 0.9 686.

5 2.2 5.4 686.
5 1.8 3.7 686.

6 2.3 5.4 686.
5 2.2 5.6 

LiBF4 688.
5 2.3 1.5 688.

5 2.3 1.3 688.
5 1.8 0.9 688.

5 2.3 1.5 688.
5 2.3 6.5 

B1s 
LixBFy / / / 193.

0 3.7 4.8 192.
4 2.4 4.1 193.

4 2.8 5.6 193.
1 3.2 4.1 

LiBF4 / / / / / / / / / / / / / / / 

Li1s 
NMC 54.4 1.3 11.3 / / / / / / / / / / / / 

Li2CO3/LiF / / / 56.4 2.0 15.0 55.7 2.4 12.5 56.3 2.3 7.7 / / / 

Co2p 
NMC 779.

9 1.3 
2.5 

779.
9 1.7 

2.7 

780.
4 1.5 

2.4 

780.
5 1.6 

2.9 

780.
6 1.7 

3.1 
satellite 789.

7 3.0 789.
5 8.0 / / 789.

9 3.0 789.
6 3.0 

Ni2p 
NMC 854.

6 1.8 
4.3 

855.
1 2.5 

4.7 

855.
7 2.5 

5.3 

855.
7 3.0 

5.7 

855.
6 2.3 

5.5 
satellite 861.

2 4.0 860.
7 6.0 862.

3 4.8 862.
2 6.0 862.

3 6.0 

Mn2p NCM 641.
9 2.3 4.4 642.

3 2.5 3.9 642.
5 2.5 5.3 642.

6 2.5 4.7 642.
5 2.4 5.1 
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Table S 6 Binding Energies (eV) and Atomic Percentages (%) of the components from C1s, O1s, 
F1s, B1s, Li1s, Co2p, Mn2p, and Ni2p from the XPS Spectra of NMC622 carbon-free, binder-free 
electrodes charged at different potentials using 1.0 M LiBF4 in EC: EMC (3:7 wt:wt) as an 
electrolyte. 

 

 

 

 

NMC622 Pristine 4.1V 4.2V 4.4V 4.6V 

Peak Species BE 
(eV) 

FW
HM 
(eV) 

At% BE 
(eV) 

FW
HM 
(eV) 

At% BE 
(eV) 

FW
HM 
(eV) 

At% BE 
(eV) 

FW
HM 
(eV) 

At% BE 
(eV) 

FW
HM 
(eV) 

At
% 

C1s 

C-C/C-H 285 1.4 24.42 285 1.6 11.5 285 1.6 12.1 285 1.6 11.3 285 1.6 16.
9 

C-O 286.
2 1.5 10.33 286.

2 1.6 3.2 286.
3 1.2 2.3 286.

5 1.2 2.7 286.
5 1.2 1.1 

C=O/O-C-O 287.
6 1.8 4.72 287.

6 1.7 1.3 287.
2 1.7 2.9 287.

6 1.5 1.3 287.
2 1.8 6.2 

O=C-O 288.
8 1.6 4.23 289.

1 1.6 1.6 288.
8 1.6 3.3 288.

8 1.6 2.4 288.
8 1.5 5.9 

CO3 290.
0 1.3 1.26 290.

6 1.7 0.5 290.
5 2.0 1.1 290.

3 2.0 0.8 290.
6 2.0 0.9 

O1s 

O lattice 528.
9 1.5 8.33 529.

6 1.3 1.6 529.
4 1.3 0.9 529.

3 1.3 1.5 529.
4 1.3 8.5 

ROLi 530.
8 1.8 6.21 530.

9 1.8 1.6 530.
8 1.6 1.1 530.

6 1.8 1.6 530.
9 1.6 6.7 

Osurf/CO3/O-
C=O 

531.
9 1.8 14.37 532.

2 1.7 11.7 532.
2 1.8 11.7 531.

9 1.8 16.5 532.
1 1.7 11.

4 
C-O/O-

C=O/OP(OR)3 
533.

5 1.6 3.12 533.
4 1.8 2.9 533.

6 1.8 3.9 533.
4 1.8 4.0 533.

9 1.8 6.7 

/ / / / / / / / / / / / / / / / 

F1s 

LiF / / / 685.
5 1.8 17.9 685.

0 1.8 20.9 685.
3 1.8 16.7 685.

0 1.8 6.7 

LixBFy / / / 686.
5 1.8 6.2 687.

0 1.8 2.7 686.
5 1.8 3.7 687.

0 2.3 6.0 

LiBF4 / / / 688.
5 2.3 1.9 688.

5 2.3 3.9 688.
4 1.8 0.5 688.

5 3.4 3.7 

B1s 

LixBFy / / / 193.
0 6.3 5.1 193.

0 2.5 6.3 192.
7 3.9 5.0 192.

7 3.2 5.1 

LiBF4 / / / / / / / / / / / / / / / 

Li1s 
NMC 54.9 3.2 15.64 / / / / / / / / / / / / 

Li2CO3/LiF / / / 56.2 2.1 28.5 55.6 1.8 27.6 56.0 2.2 28.2 56.1 2.2 5.8 

Co2p 
NMC 779.

5 1.8 
0.85 

780.
2 2.9 

2.0 
/ / 

/ 

780.
0 2.4 

1.2 

780.
1 1.9 

2.2 
satellite 789.

2 4.0 / / / / / / / / 

Ni2p 
NMC 854.

3 2.0 
2.98 

857.
0 4.7 

2.2 

857.
3 3.0 

1.8 

857.
0 3.0 

2.2 

855.
6 2.9 

4.1 
satellite 861.

3 4.4 859.
0 1.5 / / / / / / 

Mn2p NCM 642.
0 4.8 3.04 642.

4 4.2 0.9 642.
2 5.0 0.8 641.

6 4.6 1.0 642.
2 3.4 3.0 
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Table S 7 Binding Energies (eV) and Atomic Percentages (%) of the components from C1s, O1s, 
F1s, B1s, Li1s, Co2p, Mn2p, and Ni2p from the XPS Spectra of NMC811 carbon-free, binder-free 
electrodes charged at different potentials using 1.0 M LiBF4 in EC: EMC (3:7 wt:wt) as an 
electrolyte. 

 

 

 

 

NMC 811 Pristine 4.1V 4.2V 4.4V 4.6V 

Peak Species BE 
(eV) 

FW
HM 
(eV) 

At% BE 
(eV) 

FW
HM 
(eV) 

At% BE 
(eV) 

FW
HM 
(eV) 

At% BE 
(eV) 

FW
HM 
(eV) 

At% BE 
(eV) 

FW
HM 
(eV) 

At
% 

C1s 

C-C/C-H 285 1.4 20.63 285 1.6 10.4 285 1.6 8.4 285 1.6 14.1 285 1.6 9.2 

C-O 286.
2 1.6 7.31 286.

4 1.2 1.5 286.
4 1.2 1.6 286.

5 1.3 2.0 286.
5 1.2 3.0 

C=O/O-C-O 287.
6 1.8 2.17 287.

6 1.5 1.0 287.
6 1.5 1.0 287.

5 1.8 1.3 287.
6 1.5 2.5 

O=C-O 288.
8 1.6 5.39 288.

9 1.6 1.2 288.
9 1.6 1.0 289.

0 1.6 1.1 288.
9 1.5 2.9 

CO3 290.
0 1.3 2.21 290.

6 2.0 0.6 290.
6 2.0 0.8 290.

6 1.7 0.5 290.
6 2.0 2.3 

O1s 

O lattice 529.
0 1.6 6.10 529.

4 1.3 1.6 529.
1 1.3 0.3 529.

5 1.3 4.2 529.
6 1.3 7.4 

ROLi 530.
9 1.8 6.85 530.

5 1.5 2.4 530.
6 1.6 2.6 530.

8 1.5 4.0 530.
9 1.5 5.8 

Osurf/CO3/O-
C=O 

531.
9 1.6 17.81 532.

2 1.8 7.2 532.
2 1.8 5.8 532.

2 1.8 7.2 532.
2 1.8 12.

0 
C-O/O-

C=O/OP(OR)3 
533.

6 1.5 2.22 533.
4 1.8 4.7 533.

4 1.7 2.8 533.
4 1.8 4.4 533.

9 1.8 6.4 

/ / / / / / / / / / / / / / / / 

F1s 

LiF 685.
0 1.8 1.90 685.

4 1.7 20.4 685.
1 1.7 26.8 685.

4 1.7 17.5 685.
4 1.8 8.9 

LixBFy 687.
0 1.8 0.24 686.

5 1.8 2.5 686.
5 2.0 4.2 686.

5 2.1 3.7 686.
6 2.1 4.4 

LiBF4 688.
0 2.0 1.54 688.

4 2.3 3.3 688.
2 2.3 0.8 688.

4 2.3 2.4 688.
5 2.3 4.6 

B1s 
LixBFy / / / 193.

3 2.7 6.9 193.
1 2.6 4.1 193.

1 3.3 6.6 193.
0 2.9 4.9 

LiBF4 / / / / / / / / / / / / / / / 

Li1s 
NMC 55.3 2.2 19.27 / / / / / / / / / / / / 

Li2CO3/LiF / / / 56.2 1.8 31.0 56.0 1.8 32.5 56.2 1.7 22.4 56.1 1.8 14.
4 

Co2p 
NMC 779.

3 2.2 
0.31 

780.
3 2.9 

0.3 

780.
2 3.8 

0.4 

780.
2 2.9 

0.8 

780.
7 3.5 

1.3 
satellite / / / / / / 789.

5 4.9 789.
5 5.8 

Ni2p 
NMC 854.

3 2.1 
2.3 

855.
9 3.0 

3.3 

857.
7 6.2 

4.3 

855.
7 2.7 

5.1 

855.
9 2.6 

3.9 
satellite 861.

1 4.4 859.
5 6.0 / / 858.

7 4.7 862.
6 6.0 

Mn2p NCM 641.
7 6.9 2.7 641.

6 5.0 3.3 641.
7 4.6 1.1 641.

8 4.6 2.4 641.
7 4.4 1.0 
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Figure S 23 Cycling performance of NMC811 composite electrodes upon charging to 4.6 VLi 
(2nd-99th cycle at CC-CV 1C-0.05C condition). The electrode cycled in 3.1 M LiPF6 in EC/EMC 
solution for 1st cycle, replaced electrolyte to 1.0 M solution and started 2nd cycle. At the 1st and 
100th cycle, the cells were measured in a three-electrode configuration, which composed of 
NMC811|Li4Ti5O12-mesh|Li (see experimental section in detail), galvanostatically charged at 27.5 
mA/g (0.1C). From the 2nd to the 99th cycle and after 101st cycle, the cells were tested with a 
two-electrode configuration that consisted NMC811 as the working electrode and Li metal as the 
counter electrode. The collected electrode was washed with 1.0 M solution before cell assembly.  

 
Table S 8  Calculated interaction energy between carbonyl oxygen of EC and the metal site of 
oxide surface (electrophilic attack), for LiMO2 (M = Mn, Co and Ni) and LiNiO2 where one surface 
Ni has been replaced with Co and Mn (Co-doped and Mn-doped LiNiO2, respectively). The 
interaction energy of EC with Li+ ion and Li+(EC)n complexes (ion-dipole interaction), computed 
as the energy of the reaction: Li+(EC)n-1 + EC ➝ Li+(EC)n, is also reported. 

  Site Interaction Energy / eV 
LiMnO2 Mn -0.19 
LiCoO2 Co -0.33 
LiNiO2 Ni -0.50 
LiNiO2 Li -0.41 
Co-doped LiNiO2 Co -0.14 
Mn-doped LiNiO2 Mn -0.26 
Li+(EC) - -2.37 
Li+(EC)2 - -1.19 

Li+(EC)3 - -0.78 
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