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Abstract

High-voltage lithium-ion batteries (HV-LIBs) enabled by high voltage electrolytes can
effectively boost the energy density and power density, of which critical requirements to
achieve long travel-distance, fast-charging, and reliable safety performances for electric
vehicles. However, operating the batteries beyond the typical conditions of LIBs (4.3 V vs.
Li/Li*) leads to a severe electrolyte decomposition, while the interfacial side reactions remain

elusive. These critical issues become the bottleneck for developing electrolytes for applications
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in extreme conditions. Herein, we present an additive-free electrolyte that affords a high
stability at high voltage (4.5 V vs. Li/Li"), lithium-dendrite free features upon fast-charging
operations (e.g., 162 mAh g! at 3 C), and superior long-term battery performances at low-
temperature. More importantly, we introduce a new solvation structure-related interfacial
model, incorporating the molecular-scale interactions between the lithium-ion, anion, and
solvents at the electrolyte-electrode interfaces to interpret the battery performance. This report
is a pioneering study to explore the dynamic mutual-interaction interfacial behaviors on the
lithium layered oxide cathode and graphite anode simultaneously in the battery. Our molecular
interaction model enables us to reveal new insights into electrode performances that differs
from the known solid electrolyte interphase approach, and sets a new guideline to design

versatile electrolytes for metal-ion batteries.

1. Introduction

Lithium-ion batteries (LIBs) have become an indispensable energy storage technology and
played an important role in handheld electronics and electric vehicles.!'! However, the current
LIBs cannot satisfy the growing demands for higher energy density, greater power capability,
and better safety performances required for large-scale applications.”?! Although the high-
capacity and/or high-voltage cathodes (e.g., Ni-rich, Li-rich layered oxides,*! spinel LNMO
cathodes!*) as well as the high-capacity anodes (e.g., Li,™ Si,!% Snl”! based materials) are being
widely explored, the issue of developing a compatible electrolyte for these electrodes has
become ever more important.®] Particularly in extreme conditions (e.g., high-voltage, low/high
temperature, super-fast charging/discharging, etc.), the detrimental electrolyte-electrode side
reactions are inevitable because the electrolyte-determined interfacial stability as a precondition
for battery operations is still yet fully understood.”! For example, a severe electrolyte
decomposition occurs on the surface of electrodes upon charging LIBs at a high voltage (>4.5

V vs. Li/Li*).11% To this end, designing the electrolytes by stabilizing the electrolyte-electrode
2



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

WILEY-VCH

interfaces has attracted great attention to enable boosting the high energy density, fast-charging
time, and high-power density batteries.

Unfortunately, the conventional ethylene carbonate (EC)-based electrolytes are oxidized
on the highly active surface of cathodes upon battery operation at high potential (>4.3V vs.
Li/Li*).""" EC was found to react with the singlet oxygen that was released from the NCM
cathode,!'? and/or bring a transfer of atomic hydrogen from EC.I'3 Thus, a numerous effort has
been devoted to the development of electrolytes without using the EC solvent, such as super-

131 and all-fluorinated

concentrated!'¥, localized high-concentration electrolytes (LHCEs)!
electrolytes!'®l. Improved battery performances upon the use of these new electrolyte systems
are mainly ascribed to the formation of robust cathode-electrolyte interface (CEI) film that helps
to suppress the electrolyte decomposition. This viewpoint is similar as adding film-forming
additives (e.g., vinylene carbonate (VC), prop-1-ene-1,3-sultone (PES) and triallyl phosphate
(TAP)) in EC-free electrolytes.['”! However, the molecular-scale interactions of lithium-ion
(Li*), anion, and solvent on the electrolyte-electrode interfaces are not fully understood, while
their effects on the Li* transports, electrochemical stability of the electrolyte, and the electrode
performance also remain elusive. Therefore, to the best of our knowledge, there is no clear
guideline from the aspect of interfacial chemistry for designing the electrolytes to improve the
battery performances, besides the well-known consensus of CEI formation.

Lacking of a clear guideline (i.e., only focus on addressing the challenges on the cathode)
has brought new problems into the anode. Many overlooked problems on the anode have been
reported when the EC solvent-free strategy is employed to avoid the electrolyte oxidation on
the cathode. For example, serious side-effects of severe decay of cycle performance and safety
issues of LIBs have been reported upon the use of the EC-free electrolyte,!'® because the lithium
metal is plated on the graphite anode readily during the fast charging or high-rate cycling due

to the absence of EC solvent. Thus, an in-depth understanding of molecular-scale interfacial
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behaviors and reaction mechanisms on the surface of electrodes, particularly the cathode and
anode simultaneously, is crucial for developing electrolytes.

Herein, we report that a new carbonate-based high-voltage electrolyte employing a
mixture of ethyl methyl carbonate (EMC) and methyl acetate (MA) solvents without adding
any additive. The electrolyte successfully achieves excellent stability, fast-charging capability,
and superior low-temperature performances of LIBs under a normal concentration of 1.2 M
LiPFs. We confirm that the interactions between the lithium-ion, anion, and solvent play a
critical role to determine the interfacial behaviors between the electrolyte and electrodes. Based
on our findings, we present a new interfacial model to explain the stability of the electrolyte on
the surface of the NCM cathode and graphite anode. This work significantly complements our
understanding of the solid electrolyte interphases (i.e., SEI, or CEI) effects on battery
performances. More importantly, the presented interfacial model provides an efficient strategy
to engineer the solid-liquid interfacial chemistry by regulating the solvation structure, which is

crucial for a wide range of metal-ion battery systems.

2. Result and discussion

2.1 Features of high-voltage electrolyte

The newly-designed high-voltage electrolyte composes of EMC and MA solvents, in which
EMC has a good oxidative stability (Figure 1a)!'”! and MA has a low freezing point and a high
ionic conductivity (Figure 1b).2% While EMC can guarantee high electrolyte stability at high
voltage, MA can overcome the disadvantages of EMC (i.e., low ionic conductivity and
dielectric constant)!?!l to enhance the ionic conductivity for greater rate capabilities, especially
in the low-temperature conditions (Figure 1c). As a paradigm, the graphite || NCM622 battery
employing our high voltage electrolyte (i.e., EMC/MA = 7/3 v/v, E/M73) demonstrates a high
initial Coulombic efficiency (ICE) of 88.9% and a capacity of 201.2 mAh g!, which is close to

that employing EMC electrolyte (89.7 %, 202.3 mAh g!) but much higher than that employing
4
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MA electrolyte (72.3 %, 189 mAh g!) at the high voltage of 4.45 V (Figure 1d, see battery
configuration in Figure S1). This result is consistent with the higher stability of the E/M73
electrolyte, as confirmed by the linear sweep voltammograms and stepwise potential sweep
measurements'??! in Figure S2. Moreover, the comparative cycle performance of the cell
employing different electrolytes also corroborates our observation (Figure S3a-c)

Besides, a high wettability of electrolytes also contribute to the power capacity of the cell.
We find that the contact angle of E/M73 electrolyte on the NCM622 cathode, PP separator, and
graphite anode are 9.1°, 30.6°, and 8.2°, respectively, which is lower than that of EMC (9.7°,
33.3°, and 9.4°) and E/E73 (i.e., the commercial electrolyte of 1.2 M LiPF¢ in EMC: EC=7:3
(v: v); 13.9°,41.7°, and 12.8°) (Figure S4). This result should benefit from the low viscosity
of MA solvent (i.e., 0.364 mPa-s). Then, a much higher power density can be obtained by
employing the E/M73 electrolyte (Figure 1¢). For example, the battery achieves a capacity of
175, 170, and 162 mAh g at the rate of 2.0, 2.5, and 3.0 C, which is much higher than those
employing EMC (i.e., 160, 145, and 137 mAh g') and MA (i.e., 140, 119, and 93 mAh g')
electrolytes. The obtained initial discharge and power capacities are greatly improved compared
to the high-voltage LIBs using different previously reported electrolytes (Table S1).
Furthermore, the capacity is successfully retained to 197 mAh g'! at 0.2 C after the high C-rate
test, which is more improved than that of 176 mAh g and 125 mAh g!' by employing EMC
and MA electrolytes, respectively. Moreover, we also confirmed that the cycle performance (i.e.,
capacity retention of 89.0% after 100 cycles at 1.9 mA cm™) and power capacity (i.e., 150.4
mAh g at 3 C) are well-maintained even at a high mass loading of active materials (Figure
S3d-e), demonstrating the practical capabilities of the electrolyte.

The fast-charging features of our electrolyte were further demonstrated by a fast CC-CC
(Constant Current-Constant Current) protocol (Figure 1f). We find that 81.2 % of the initial
capacity is achieved under 2.5 C (i.e., 24 min) using E/M73 electrolyte, of which value is higher

5



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

WILEY-VCH

than 71.7% and 41.1% of the cells employing EMC and MA electrolytes. These criteria meet
the fast-charging application standards stations well (e.g., 120 kW-Tesla Supercharger
recharges 80% SOC in 40 min).[*! Moreover, our electrolyte retains 89.8% of the initial
capacity at 0.5 C after 100 cycles under a low-temperature measurement of -5 °C, which is also
much higher than that of 56.2 % and 13.4% obtained by EMC and MA electrolytes (Figure 1g).
The results confirm the specialties of E/M73 high-voltage electrolyte, which enables a superior
power capability and low-temperature performance at a high-voltage operation.

Note that the high-temperature performance deteriorated by the MA solvent is maximally
suppressed by the EMC solvent in E/M73 electrolyte, where EMC has a positive effect likely
additives.[>* The capacity retention of the cell is 85.4 % after 50 cycles at 1C when the cell was
cycled at 50°C (Figure S3c). The performance of the cell at high-temperature is even better
than that employing the EMC electrolyte, while it is slightly reduced compared to that at room
temperature (Figure S3b). This result should be mainly attributed to the change in the
interaction between PFs and Li" at high temperature, where PF¢ is easier to reach the surface
of the cathode and induce the solvent dehydrogenating. Detailed interpretation of this viewpoint
1s discussed in our interfacial model (section 2.7). Moreover, the thermal stability of the mixture
of de-lithiated NCM622 cathode and electrolyte is studied by differential scanning calorimetry
(DSC).1 We find that the onset/peak temperature of the main peaks in the E/M73 electrolyte
can be maintained at 219.9°C / 238.1°C, which are much higher than 203.8°C / 214.5°C of the
MA electrolyte and 217.7°C / 222.5°C of the commercial E/E73 electrolyte. The finding
suggests that the thermal runaway reactions of the E/M73 electrolyte can be also suppressed at
high potential likely in the EMC electrolyte (i.e., 253.3°C / 255.7°C). The results demonstrate
that the disadvantages of MA solvent could be overcome maximally by the EMC solvent from

the aspects of bulk electrolyte and interfacial chemistry, as discussed later.

2.2 Electrode impedance analysis
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The foundation of high performance of the electrolyte was investigated by the hybrid pulse
power characterization (HPPC) and electrochemical impedance spectroscopy (EIS)
measurements. The area-specific impedance (ASI) change of HPPC is the most direct technique
to compare battery power characteristics (Figure S5).12%! The ASI values calculated by equation
Raisc = (Vo — V1) / laisc and the corresponding depth of discharge (OCV) in different electrolytes
are shown in Figure 2a-c. The average impedance of the full cell employing E/M73 electrolyte
increased slightly from 59.9 Q cm? to 64.4 Q cm? after 5 HPPC cycles, while the corresponding
values in the EMC and MA electrolytes increased from 75.4 Q cm? to 82.2 Q cm? and from
96.1 Q cm® to 106.4 Q cm?, respectively. The finding demonstrates that the ohmic and
concentration polarization are very low in the E/M73 electrolyte. Besides, the corresponding
OCVs of the E/M73 electrolytes under various DODs were also the most stable compared to
that of EMC and MA electrolytes (Figure 2a-c).

The EIS test was further employed to explore the interfacial impedance evolution of the full
battery upon cycling (Figure 2d-f, Table S2). The R(Z) impedance of the full cell employing
the EMC (94.7 Q cm?) and EM73 (92.2 Q cm?) electrolytes is similar after 200 cycles. In
contrast, the value is higher in the full cell employing MA electrolytes (128.6  cm?) (Figure
2d), showing the same trend as their cycling performance (Figure S3b). The origins of the
impedance were analyzed by the R(Z) impedance of the symmetric NCM622 || NCM622 and
graphite || graphite cells. We find that the impedance of the symmetric NCM622 || NCM622
cell using E/M73 electrolyte (176.8 Q cm?) is slightly higher than that using EMC electrolyte
(166.6 Q cm?), which is much lower than that using MA electrolyte (267.3 Q cm?) (Figure 2e).
This result demonstrates that EMC is more compatible with the cathode at high voltage, while
the amount of MA needs to be controlled prudentially due to its low stability. More significant
differences were observed on the cycled graphite anode. The R(Z) impedance of symmetric
graphite || graphite cells employing E/M73 electrolyte is about 14.4 Q cm? after 200 cycles,
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which value is much lower than 21.1 Q cm? and 29.8 Q cm? of that using EMC and MA
electrolytes (Figure 2f), respectively. The result shows that the electrolyte decomposition on
the graphite anode could be mitigated by E/M73 electrolyte. The impedance analysis shows
that different electrolyte decomposition occurs on the surface of electrodes, giving rise to
different SEI formations. However, the role of electrolyte compositions in the electrolyte
decomposition that occurs on the surface of electrodes needs to be further studied at the

molecular scale.

2.3 Electrolytes/cathode interface

The morphology and crystalline structure of the cycled NCM622 cathodes were investigated to
understand the origin of different performances of the electrolytes (Figure 3). We find that the
secondary particles are intact and distributed evenly on the cycled NCM622 electrodes when
the EMC and E/M73 electrolytes were used (Figure 3a, a;, and a2). The only difference is a
little depositions observed on the smooth surface of NCM622 particles cycled with the E/M73
electrolyte (Figure 3b, b; and by, Figure S6a). In contrast, microcracking in the secondary
particles and more decomposition products are observed on the surface of the primary particles
upon the use of MA electrolyte (Figure 3c, ci, and c2). The observation is consistent with the
impedance analysis (Figure 2e), demonstrating the durability of the EMC solvent for the
cathodes.

X-ray photoelectron spectroscopy (XPS) analysis further confirms the different
components of decomposed electrolytes on the surface of NCM622 cathodes. There is a similar
component of O-lattice (529.3 eV),?”! C=0 (532 eV), and C-O groups (533.7 eV) 28 on the
cathodes cycled with EMC and E/M73 electrolytes (Figure 3d). In contrast, the amount of C=0
is dominant while the O-lattice is absent on the surface of cathode cycled with MA electrolyte
(Figure S7a), which is because the MA solvent is decomposed to form lithium alkyl carbonates

and carbonate salt readily and then covers the surface of the NCM622 cathode. Then, the signal
8
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of O-lattice on the NCM622 might be covered so that the spectra are difficult to be detected.
More information could be summarized from the F 1s spectra, in which the peaks at 687.8 eV,
686.6 eV, and 685.1 eV correspond to the PVDF binder, " LixPOyF, (i.e., the decomposition
products of LiPFs),?” and LiMxFyO, (M =Ni, Co, or Mn) (i.e., formed by reacting with HF),*"!
respectively (Figure 3e). We find that the relative content of LiMxFyO; increased (Figure S7b)
with increasing the volume of MA, which is due to the content of the HF (i.e., generated by
reacting protic species from the dehydrogenation of solvents with LiPFs) increased in the MA
electrolyte. In other words, the dehydrogenation for solvents and the oxidative decomposition
of LiPFs was suppressed in EMC and E/M73 electrolytes, thus the amount of LixPOyF; in CEI
becomes dominant compared to the LiMxFyO,.

The crystallographic variation of the NCM622 cathodes was further analyzed by the peak
shifts of (003) scattering angles in the XRD patterns (Figure 3f). The peak of (003) was shifted
to a lower angle in the cathode cycled with the MA electrolyte, demonstrating the increased
crystal plane cracks caused by the local structural collapse. This could be ascribed to the serious
MA electrolyte decomposition, in which side reactions can corrode the electrode and cause
structural degradation. The local structural change of the NCM622 cathode under the high-
resolution transmission electron microscope (HRTEM) gives more evidence (Figure 3g-j), in
which the layered (i.e., R-3m space group!®") and partial spinel phases coexist in the inner and
outer surface area on the NCM622 electrode cycled with the EMC electrolyte (Figure 3hi-h»).
In contrast, the spinel phases increased slightly with the E/M73 electrolyte (Figure 3i>), while
the rock-salt phases (Ni-O)*!! could be also detected in the MA electrolyte (Figure 3j3). The
result demonstrates the necessity of adding EMC into MA to protect the NCM cathode,
otherwise, the high-valence Ni** and Ni** ions formed in a fully charged state could be easily
reduced to Ni** ions by MA. The highly active oxidative Ni** and electrolytes decomposition
products, such as HF, could form an exceptionally unstable environment under the high-voltage

9



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

WILEY-VCH

charge.®?! This process could trigger a severe oxygen evolution from the electrode, induce

phase transformation, and further exacerbate the electrolyte decomposition.

2.4 Electrolytes/anode interface analysis

The interaction between the electrolyte and graphite anode is also important in the full batteries,
especially during cycling at fast charging and high voltage. The variation in the cycled graphite
anodes with different electrolytes was investigated in Figure 4. The lithium deposition and
electrolyte decomposition are observed on the surface of cycled graphite using the EMC
electrolyte (Figure 4a, d vs. Figure S6b). The findings are due to the high concentration
polarization of EMC electrolytes and the reactivity between lithium metal and EMC solvent. In
contrast, the lithium deposition and electrolyte decomposition on the surface of graphite anode
were significantly mitigated by using the E/M73 electrolyte (Figure 4b, e). The results are
consistent with the impedance analysis (Figure 2f). The observations of graphite cycled with
the MA electrolyte lay intermediates between the EMC and E/M73 electrolytes (Figure 4c, f).
The compatibility of electrolytes judged from the cycled graphite anodes is in the sequence of
E/M73 > MA > EMC, which viewpoint was further proved by the stability in the symmetric Li
|| Li cells (Figure S8). These results demonstrate the necessity of MA added into the EMC
electrolyte to pursue good compatibility with the graphite anode, which significantly suppresses
lithium deposition and electrolyte decomposition. Although EMC demonstrates good
compatibility with the NCM622 cathode at high voltage, EMC could react with fresh lithium
readily on the graphite anode surface and cause severe capacity decay (Figure S3b).

Our observations was further confirmed by XPS analysis of the electrolyte decomposition
products on the graphite anodes. The LiCOs peaks in C 1s spectra (i.e., 289.9 eV) 3l and Li 1s
spectra (i.e., 55.3 eV vs. LiF at 56.0 eV) ¥ significantly increase on the graphite cycled with
the EMC electrolyte (Figure 4g, Figure S7c, d, f), suggesting an increased formation of Li,CO3

due to reaction between the deposited lithium metal and EMC solvent. This is consistent with
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the result in O 1s spectra judged by C=0 at 532.5 eV and the C-O groups at 533.7 eV 28 (Figure
4h, Figure S7¢). Besides, F 1s spectra of the graphite anode cycled with EMC electrolyte shows
a much stronger LixPFy peak (i.e., at 688.3 eV [*3) than that of LixPO,F, (i.e., at 686.6 eV *7),
but the LiF peak (i.e., at 685.0 eV **!) is more obvious in comparison to the MA electrolyte
(Figure 41, Figure S7g). The result indicates that the decomposition of LiPFs-species is more
serious in EMC electrolytes but oxygen-containing organic decomposition products are mainly
in the MA electrolytes. The relatively higher content of LiCO3 and C-O on the surface of
graphite anodes cycled with EMC and MA electrolytes than that with the E/M73 electrolyte
further indicates the growth of carbon-oxygen-containing species (Figure S7f), such as the
oligomers formed from the reduction of the electrolyte solvent by the deposited lithium metal.
We have carried out sets of characterizations on the surface of NCM cathodes and graphite
anodes, which corroborate the roles of the electrolyte composition on the decomposition
products. Besides the composition and architecture characterizations of the electrolyte
decomposition products, understanding the electrolyte decomposition process on the surface of
the electrodes remains unclear, thus, a molecular-scale interfacial model of different electrolyte

compositions is needed to interpret the details.

2.5 Role of solvation structure

The lithium-ion solvation structure was studied firstly by the Fourier transform infrared
spectroscopy (FTIR). The combined peak at 1750 cm™ and 1747 cm’!, corresponding to the
C=0 stretch vibrations of EMC and MA, !'!: 36 has a redshift and was split into two main peaks
at 1718 cm™ and 1712 cm™ when the 1.2 M LiPFs salt was dissolved into the solvent mixture
(Figure Sa, Figure S9a). This is a well-known solvation process, in which the ionic compound
of Li*-PFs¢ was solvated by the solvents, and then lithium-ion coordinates with the solvents to
form a solvation structure through the Li*-O interactions. Then, the solvated anion (PFe¢) is

classified into uncoordinated (free) PFs™ (at 845 cm™!) and Li*--PF¢ (i.e., contact ion pairs, CIPs)

11



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

WILEY-VCH

at the peaks of 834 cm™! and 870 cm™'*”! (Figure 5b, Figure S9b). In particular, the coordinated
number or proportion of each electrolyte species was quantitatively estimated by deconvoluting
the FTIR spectra deliberately (Figure Se, Table S3).18!

We find that the coordination number of MA molecules (Li*-MA) increases while that of
the EMC molecules (Li"-EMC) and CIPs ratio (Li*--PFs") decreases with increasing the volume
of MA in the electrolyte. This observation is reasonable because MA has a higher capability to
dissociate LiPFg due to its higher dielectric constant (i.e., Ema = 6.68) compared to EMC (i.e.,
€emc = 2.958).2! Thus, PFs” becomes hard to involve in Li*-solvation structure when MA was
added into the EMC electrolyte, which is further corroborated by the "Li-NMR and F-NMR
analysis of the electrolytes (Figure 5c-d, Figure S9). Firstly, the 'Li-NMR chemical shift
moves to the downfield (i.e., to higher values *°!) when MA was added into the EMC electrolyte
to form E/M73. The downfield shift appears because MA participates in the coordination with
Li* in the first solvation structure, which reduces the shielding effect on the Li*ions due to the
low interaction strength of Li*-MA (i.e., -44.72 Kcal mol™! vs. -50.66 Kcal mol™ for Li*-EMC)
(Figure 5i-j) and reduces the contact opportunity of Li* and PFs due to the high dielectric
constant of MA. The same phenomenon is observed in the chemical shift of "’F-NMR where
MA reduces the shielding effect on the Li* ions and effectively dissociates Li*-PFg coordination,
which is consistent with the observation in FTIR. Based on our findings, the proposed
coordination structures are illustrated in Figure Sf-h.

Note that the above analysis presented in Figure Sa-h is an average coordination structure
for Li* and the solvent, while one Li* can coordinate with four solvent molecules in the
electrolyte. EMC has a strong interaction with Li* in the solvation structure in the EMC
electrolyte, and PFs” may contact with Li* in a high frequency due to the low dielectric constant,
as demonstrated by the high CIP ratio (i.e., Li*--PF¢") in FTIR (Figure 5f-h). In contrast, MA
has a relatively weak interaction (vs. EMC) with Li* in the solvation structure, and PF¢ is hard
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to contact with Li* because of the high dielectric constant. Then, the appearance frequency of
PFs around the first solvation structure in the electrolyte decreases in the sequence of EMC>
E/M73 > MA (i.e., f1> 3> f2).

The Li*-O radial distribution function (RDF) corroborates the different interactions
between the solvents (e.g., EMC, MA) and Li* (Figure 5k). The Li*-EMC coordination is
stronger than that of Li*-MA, which is consistent with the observed strong shielding effect and
the chemical shift that appeared at the high-field in NMR (Figure 5c). The Li*- PFs" RDF for
PFs neighbor to Li* also confirms the higher frequency of PFs appeared around Li* in the EMC
electrolyte than that in the MA electrolyte (Figure 5k). In brief, the MA solvent can dissociate
LiPFs effectively and compete with the EMC solvent to participate in the first solvation
structure around Li* when MA was added into the EMC electrolyte. Then, PFs is easy to contact
with Li* and form CIPs in EMC electrolytes (EMC and E/M73), but PFs™ can be excluded out
from the solvation structure by MA in the MA electrolytes. These results are consistent with
the FTIR and NMR results.

As a result, the conductivity of electrolytes increases from 5.0 mS cm™ to 21.7 mS cm’!
with increasing the amount of MA from 0% to 100% (Figure S1). This is because EMC could
be replaced by MA in the solvation structure, where PF¢ could also keep far from Li* due to
the higher dissociated capability and then demonstrate enhanced mobility of PFe". In contrast,
the transference number of Li* decreases from 0.443 to 0.336 with increasing the amount of
MA, especially when the percentage volume of MA is more than 50 %. This is consistent with
the increased mobility of PFs (i.e., t+ + t. =1) (Figure 51, the calculation of t;;* resulted from
Figure S10).1*%1 These results are in good agreement with the change of CIPs ratio, in which
the presence of PF¢ was excluded from the solvation structure (i.e., the increased number of
free PFs"). Note that although there is a high transference number in the EMC electrolyte, the
very low conductivity of 5.0 mS cm™! could cause the lithium metal deposition on the graphite
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anode due to the severe concentration polarization (Figure 4a, d). While the E/M73 electrolyte
has a suitable conductivity of 8.2 mS cm™ and a transference number of 0.419, which can
guarantee a good rate capability and lithium-dendrite-free fast charging features (Figure 1e-f,

Figure 4b, e).

2.6 Simulation of electrolyte behavior
We investigated the Li*-solvation structure in the bulk electrolyte to interpret the observed
electrochemical performance in different electrolytes. Then, a solvation structure-related
interfacial model can be constructed to interpret the root cause of the varied performance in the
different electrolytes. Firstly, the electron distribution of the Li*-solvent-PFs~ complexes (i.e.,
CIPs) illustrated by electrostatic potential mapping was presented in Figure 6a. The active
electrons of the Li*-solvent-PFs complexes increase with the increasing volume of MA solvent.
This finding demonstrates that the high Coulombic interaction exists between PF¢ and the
positively charged cathode electrode when the volume of MA solvent is dominant in the
electrolyte (e.g., the volume of MA > 50 %). Secondly, the desolvation energy of Li* was also
considered to analyze the interaction between the Li*-solvent-PFes in different electrolytes
(Figure 6b). We find that the Li* desolvation energy (Eri~3ma-prs, -84.9 Kcal mol™!, Erioma-
Emc-pre, -92.41 Kcal mol™', or Erima-2emcpre, -97.39 Kcal mol™!) was reduced when the
volume of MA solvent is dominant in electrolyte compared to that of EMC (ELi*-3emc-pEs, -
101.34 Kcal mol ). This implies that the Li*-solvent-anion complexes interaction is much
weaker in the presence of MA and E/M73 than that in EMC electrolyte, which could affect the
Li deposition or Li* (de-)intercalation behavior at graphite.

Thirdly, the HOMO and LUMO energy of the solvent, solvent-PFg", Li*-solvent, and Li*-
solvent-PFs” complex are also presented in Figure 6¢c. We find that the oxidation stability of all
solvents increases when the solvent coordinates to Li* (i.e., the HOMO energy of Li*-solvent s

lower than solvent), but the stability is weakened once the solvent coordination with PFs (i.e.,
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the HOMO energy of solvent-PFs is higher than solvent or Li*-solvent-PFs is higher than Li*-
solvent). This is because the solvent-induced by PFs™ can lose the electrons easier, and then the
H-abstraction of solvent can occur at the high potential, forming the HF upon the cycling. Thus,
making PFs far from the solvent is important to maintain the electrolyte stability at the cathode
interface, while the reduced ability of solvent, Li*-solvent, and Li*-solvent-PFs" must also be

considered.

2.7 Interfacial Model

The electrolyte formula of Li*[solvent]x[PFs] (x, calculated by the molar concentration) was
used to describe the electrolyte-electrode interfacial behaviors.[*!! For example, 1.2 M LiPFs
solvation in the EMC, E/M73 and MA electrolytes are described as Li"[EMC]s.11[PF¢],
Li*[MA]3.14lEMC]s.63[PFs] and Li*[MA]i046[PFs ], respectively. Then, the interfacial model
was derived when Li* was de-solvated from the solvation structure. The relative frequency of
PFs around the Li* solvation structure in the bulk electrolytes and at the electrolyte-electrode
interfaces is presented in Figure 7. Different interfacial behaviors of the electrolytes and their
relations with the electrode performances are discussed in detail later.

In the EMC electrolyte, PFs appears around Li" in the solvation structure with a high
frequency (i.e., f7) due to the low dielectric constant of EMC (i.e., the high CIPs ratio) in the
EMC electrolyte. A strong interaction (i.e., f;') exists between Li* and EMC-PF¢", which such
interaction weakens the Coulombic interaction between PFes™ and the positively charged cathode
(Figure 7a). In this state, the EMC-PFs pair is difficult to move closer towards the surface of
the cathode due to the weak interaction. As a result, EMC-PFs  is also hard to be oxidized due
to the difficulty in transferring electrons to the cathode and the high oxidation stability (vs. MA-
PF¢"). Besides, the oxidation stability of free EMC solvent is also improved, because the free
EMC coordinates with Li* when Li* is extracted from the cathode upon charging process to

form the Li*-EMC pair (i.e., the HOMO energy of Li*-EMC was lower than free EMC) (Figure
15



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

WILEY-VCH

6¢). Particularly, PFs" is also difficult to be de-solvated in the initial Li*" solvation structure and
then moves closer to the newly formed Li*™-EMC pair (i.e., the less free PFs” can move close to
the Li*-EMC pair as most of PFs bounds to around Li* and solvent in the bulk electrolyte due
to the high CIPs ratio). Thus, the detrimental effect of PF¢ reaction with EMC solvent that
produces HF could be effectively mitigated. In this EMC electrolyte system, EMC-PFs and
EMC could be well-stabilized even at a high charge voltage condition; however, the low ionic
conductivity of the EMC electrolyte gives rise to a low-rate capacity (Figure 1e-f).

In contrast, the solvation structure in the MA electrolyte shows PF¢ with a low frequency
that appears around Li* (i.e., ) in the solvation structure due to the high dielectric constant of
MA (i.e., the low CIPs ratio) in the MA electrolyte (Figure 7b). Thus, the MA-PF¢ pair
demonstrates a weak interaction with Li* (i.e., f2), then the MA-PFs can moves closer to the
cathode surface due to the strong Coulombic interaction between PF¢ and the positively
charged cathode. As a result, the electron transfer from MA-PFs to the cathode is possible,
leading to a lower oxidation stability of MA-PFs compared to that of EMC-PFs". Note that the
oxidation stability of the free MA solvent is not improved, as the case is opposite in the EMC
electrolyte, because PFs can be de-solvated from the initial Li* solvation structure readily and
then moves closer towards the newly formed Li*-MA pair. The free PFs can move closer
towards the formed Li*-MA as most of PF¢ is not bound with Li* and solvents in the bulk
electrolyte (i.e., the low CIPs ratio)), when Li* was extracted from the cathode. As a result, PFs
promotes the oxidation of Li*-MA easier on the cathode surface, as judged by the HOMO of
Li*-MA and Li*-MA-PFs (Figure 6¢), leading to a severe decomposition of the MA electrolyte
on the cathode surface.

In the E/M73 electrolyte, MA solvent participates in the first solvation structure, where
partial MA can involve in the dissociation of Li*-PFs because of insufficient EMC (i.e.,
Li*[MA]3.14lEMC]s.63[PFs]). The analysis is consistent with the observed medium CIPs ratio
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in the E/M73 electrolyte. PFs™ has a medium frequency (i.e., f3) that appeared around Li*, which
value is higher than that in the EMC electrolyte (i.e., f; < f3) but lower than that in the MA
electrolyte (i.e., f3 < f2) (Figure 5f-h). Then, PFs~ demonstrates a medium interaction with the
Li*-solvent in the E/M73 electrolyte compared to those in the EMC and MA electrolytes (i.e.,
fi' < f3' < f2"), giving rise to a medium Coulombic interaction and a safe distance between the
PF¢ and the positively charged cathode (Figure 7c). As a result, the MA-PF¢ pair is hard to be
oxidized due to the difficulty in transferring electrons to the cathode and also has high oxidation
stability (i.e., MA is close to Li* but far from PFg"). This phenomenon is similar to that in the
EMC electrolyte. Moreover, the EMC solvent can also prevent PFs- moving closer to the Li*-
MA pair at the surface of the cathode when Li* was extracted from the cathode. Our conjecture
was further corroborated by the simulations, where the frequency of PFs appears around the
surface of the cathode is in the sequence of EMC < E/M73 < MA electrolytes (Figure 7a’-c’).
These results demonstrate the importance of solvent to determine the stability of electrolytes
on the surface of the cathode at high potential.

Our interfacial model was also well-constructed on the surface of graphite anode. In the
EMC electrolyte, Li* could interact with PFs™ via strong binding energy and high frequency (i.e.,
/1) due to the low dielectric constant of EMC (Figure 5f), giving rise to high de-solvation energy
(Figure 6b). Thus, lithium dendrite is easy to be plated on the graphite anode because of the
resultant high polarization. This process is detrimental because lithium can react with the EMC
solvent due to less reduction stability of the Li*-EMC pair.!*”! Our finding not only interprets
the observed lithium on the graphite anode in Figure 4a but also explains the root cause of the
reduced cycling stability of the battery in the EMC electrolyte (Figure S3b). Note that some
side-reaction products can be observed in the MA electrolyte resulting in the less formation of
lithium dendrite, which is attributed to a low Li* de-solvation energy (Figure 6b) and the by-
effect of the polarization is less than that in the EMC electrolyte (weaker interaction between
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Li* and MA solvent or anion in Figure 5g, j). On the other hand, the side-reaction between
lithium dendrite and MA is a serious issue, which is because the LUMO energy of MA
electrolyte is low (Figure 6¢). Thus, decomposition products of the electrolyte were observed
at the graphite anode. The finding further demonstrates that although the single MA solvent can
regulate the intercalation or deposition of Li* by reducing the polarization, the high reduction
activity would lead to the decay of the battery.

Interestingly, we have found a completely different interfacial behavior in the E/M73
electrolyte. First, the interaction between EMC and Li* is weakened by the MA solvent, where
PFs could also keep far from Li* compared to that in the EMC electrolyte. Then, Li* de-
solvation becomes easier, under which the intercalation of Li* into graphite anode is preferable
compared to formation of lithium dendrite. Moreover, the reduction stability of E/M73 could
be improved further because the EMC solvent can compete with MA in the Li* solvation
structure. Thus, the E/M73 electrolyte has the combined advantages of EMC and MA
electrolytes, thereby demonstrating better stability without formation of lithium dendrite and
enabling a good cycling performance of the battery. Note that our conjecture was further
corroborated by the simulations, where the MA solvent could change the interfacial behaviors
(i.e., Li*-solvent-anion interactions) when the MA was added into EMC electrolyte for form
E/M73 (Figure 7d°-f).

To this end, for the first time, we have constructed dynamic mutual-interaction interfacial
behaviors on the surface of the cathode and anode simultaneously. The varied electrolyte-
electrode behaviors (i.e., the behaviors of Li*-solvent-anion pairs) were thoroughly studied by
experiments (e.g., FTIR, NMR, etc.) and simulations, which enable us to unravel the
relationship between the interfacial behaviors and the electrode performance. This
breakthrough will advance the development of battery electrolytes. To date, numerous
simulations have been devoted to exploring the properties of electrolytes, which covers the
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study on stability and decomposition routines of electrolytes, as well as variation in the Li"
solvation structure from bulk electrolytes to electrode interfaces.[**) However, to our knowledge,
there is no report on interfacial models to elucidate the relationships between the interfacial
behaviors and the electrode performances. Based on our results, we believe that the interfacial
interaction is a significant factor that affects the battery performance, of which at least the
interfacial interactions is similarly important as the role of SEI/CEL™* Our discovery provides
a new view-angle to understand the electrolyte-electrode interactions and then efficiently
improve the battery performance, prompting the development future batteries with diverse
systems. Therefore, development of knowledge in the effect of SEI/CEI and the electrolyte-
electrode interfacial interactions (i.e., the behaviors of Li*-solvent-anion pair) should be kept

in balance simultaneously upon designing future electrolytes.

3. Conclusion

A new high-voltage electrolyte employing a co-solvent strategy without any additive has been
demonstrated, showing a fast-charging capability of LIBs with an excellent long-term cycle
performance, high-power stability, and lithium-dendrite free electrodes. More importantly, a
pioneering interfacial model related to the Li* solvation structure is presented both on the
cathode and anode, which unravels the molecular-scale of Li*-solvent-anion interactions on the
surface of the electrodes as well as their roles in the battery performances. Our interfacial model
elucidates a new view-angle to understand the key relationships of Li* solvation structure in the
electrolyte and the performance of electrodes, paving the way to a hitherto undiscovered

guideline for designing electrolytes for metal-ion batteries.
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Figure 1. Characteristic of solvents and battery performance in different electrolytes. (a)

Linear carbonate (EMC), (b) linear carboxylate (MA) and (c) binary solvent-based (EMC/MA)

electrolytes. Comparative electrochemical performance of different electrolytes in the graphite

|| NCM622 cell at the high voltage of 4.45 V. (d) voltage vs. capacity profile and initial
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Figure 3. Characterizations of NCM622 cathode in the graphite || NCM622 cell employing
different electrolytes after 200 cycles. SEM images and illustration of the cycled NCM622
particles from (a, a1, a2) EMC, (b, b1, b2) E/M73, and (c, c1, c2) MA electrolytes. XPS spectra
of (d) O 1s and (e) F 1s of the cycled NCM622 electrode. XRD patterns of (f) (003) peak and
HRTEM images of NCM622 surface layer from (g) pristine, (h, hi, ho) EMC, (i, 11, i2) E/M73,
and (j, j1, j2, j3) MA electrolytes.
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Figure 4. Characterizations of graphite anode in the graphite || NCM622 cell employing
different electrolytes after 200 cycles. SEM images and illustration of the deposition of
lithium metal on cycled graphite electrode in (a, d) EMC, (b, e) E/M73, and (c, f) MA
electrolytes. XPS spectra of (g) Li 1s, (h) O 1s, and (i) F 1s of cycled graphite electrode.
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Figure 5. Electrolyte analysis and solvation behaviors in different electrolytes. FTIR
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spectra of PF¢” in different electrolytes. () Coordination number of Li*-solvent and CIPs ratio

obtained from the FTIR fitting results. Frequency of PFs contact with the Li" in the (f) EMC,

(g) MA, and (h) E/M73 electrolytes. Binding energy of (i) Li*-EMC and (j) Li*-MA.. (k) Radial

distribution function (RDF) of Li*-O and (1) conductivity and transference number of Li" ions

in different electrolytes.
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A new additive-free high voltage electrolyte that affords high stability at high voltage (4.5V
vs. Li/Li"), lithium-dendrite free upon fast-charging operations, and superior long-term
battery performances at low-temperature is designed. More importantly, a new solvation
structure-related interfacial model, involving the molecular-scale interactions between the
lithium-ion, anion, and solvents on the electrolyte-electrode surface, is presented to interpret
the high performance. This is a pioneering study to explore the dynamic mutual-interaction
interfacial behaviors on the lithium layered oxide cathode and graphite anode simultaneously
in a battery. This model can explain the electrode performance from a molecular interaction that
differs from the solid electrolyte interphase and then set a new guideline to design versatile
electrolytes for metal-ion batteries.
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Experimental Section

Electrolyte and electrode preparation. The chemicals of ethyl methyl carbonate (EMC),
methyl acetate (MA), and lithium hexafluorophosphate (LiPF¢) were purchased from Huzhou
Kunlun Power Battery Materials Co., Ltd. The electrolyte was prepared as below. Typically, 1.2
M LiPFs was dissolved in the EMC/MA mixture, in which the solvent ratio was controlled at
10:0, 7:3, 5:5, 3:7, and 0:10 (v/v), respectively. The abbreviation of the electrolytes is denoted
as EMC, E/M73, E/M55, E/M37, and MA respectively according to the solvent ratio. The
LiNio.6C002Mno 202 (NCM622) and graphite powders were purchased from Guangdong Canrd
New Energy and Shanghai Shanshan Tech Co., Ltd, China, respectively. The cathode was
prepared by mixing NCM622, Super C45, KS-6, and polyvinylidene fluoride binder with a
mass ratio of 92.5:3:1.5:3 in N-methyl-2pyrrolidone. The anode was prepared by mixing
graphite, Super C45, carboxymethyl cellulose (CMC), and styrene-butadiene rubber (SBR)
binder with a mass ratio of 94.5:1.5:1.5:2.5 in water. The mixtures were milled by using a Hasai
planetary mixer for 5 min. Then, the uniform slurry was coated on the Al and Cu foils,
respectively. Finally, the NCM and graphite electrodes were dried at 120 °C and 80°C in a
vacuum for 10 h before using them, respectively. The mass loadings of the cathode and anode
were about 7.5 mg cm™ and 5.5 mg cm?, respectively. Also, a higher mass loading of the
cathode (9.5 mg cm™) and anode (6.9 mg cm™) was evaluated in the full cell to prove the
practical application capability of as-designed electrolyte.

Electrochemical performance Test. All the batteries were assembled using the 2025-type coin
cell with polypropylene (PP) separator (Celgard 2400) and disassembled in an argon-filled
glovebox (the content of O2 and H2O was maintained below 3.0 ppm). The assembled full cell

(i.e., graphite || NCM622) were charged to 4.45 V (4.5 V vs. Li/Li") and then discharged to 2.75
2
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V at 0.1C (1 C = 1.5 mA cm™) in the first cycle. Then the Constant current-constant voltage
(CC-CV) protocol was applied in the normal cycling and rate test. Firstly, it was constant-
current charged at 0.2 C (CC) to the 4.45 V, and then the cell was constant-voltage charged until
the current density to 0.1 C (CV) and discharged to 2.75 V at 0.2 C. After the above activation
process (i.e., 3 cycles at 0.2 C), the cell was cycled at 1C for long cycling or performed power
capacity at the different rates (i.e., 0.5 C-3.0 C), in which the constant-voltage charging current
was set at 0.2 C. In other special rate tests, the cells were charged at 0.5C and discharged at 2.5
C or were charged 2.5 C and discharged 0.5 C without the constant voltage process. The Li ||
Li symmetrical cells were comprised of two Li metal pieces (13.6 mm in diameter). Long-term
galvanostatic cycling was performed at 0.5 mA cm™ with a certain cut-off capacity of 1 mAh
cm™. In the low-temperature cycling test, the full cell was performed under 0.2 C at 25 °C for
two cycles first, then the cell was cycled under 0.5C at -5 °C. All the (dis-)charge curves were
recorded by the Neware instrument.

Electrochemical impedance test. The hybrid pulse power characterization (HPPC) (i.e., DC
impedance test) was tested by the following protocol, firstly the cell was fully charged and then
discharged at a 0.1 C rate after two cycles, then the discharge procedure was repeated from 10
to 90% depth of discharge (DOD), each followed by a 1 h rest period before applying the next
sequence. The pulse profiles were measured at every 10% DOD, in which a 10 s 3.0 C discharge
pulse and a 2.25 C regenerative charge pulse current were applied to the cells. There were 40 s
rest periods between discharge and regenerative pulses (Figure SS5). The SP-PVDF/Al
electrode (i.e., Super C45 : PVDF =9 : 1 by weight) was used as the working electrode in the
linear sweep voltammetry (LSV) test and stepwise potential sweep measurement, in which the

Li metal was used as the counter and reference electrode. In the LSV test, the voltage window
3
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was set from 3.0 to 6.0 V using a scan rate of 1 mV s !. In the stepwise potential sweep test, the
current vs. time plots were obtained by applying increasing voltage steps of 0.1 V. All the
curves were acquired by the electrochemical station Bio-Logic VMP3.

The electrochemical impedance spectroscopy (EIS) measurements (i.e., AC impedance
test) were tested using the Bio-Logic VMP3 between a frequency range of 300 kHz and 10 mHz
and a sinusoidal amplitude of 10 mV. All the full cells were tested under the stage of 50% DOD
(i.e., depth of discharge) and at 25 °C. The electrodes of symmetrical batteries (NCM622 ||
NCM622 and graphite || graphite) were obtained from the full cells that were also discharged
to 50% DOD after the desired cycling. After disassembling in the glovebox, the symmetrical
cells were assembled using the cycled electrodes.

Characterizations. The XRD data were obtained by the powder X-ray diffractometer (XRD,
Bruker D8 ADVANCE) with Cu Ka radiation (A = 1.5406 A) in the 26 range of 10° to 80° at a
scan speed of 1° min! for graphite and NCM power, respectively. The morphology of the
pristine and cycled electrode materials was examined by scanning electron microscopy (SEM,
Hitachi S-4800) and transmission electron microscopy (TEM, Thermo Fisher Talos 200S),
while their atom-resolved images were obtained with a probe-corrected scanning transmission
electron microscope (STEM, FEI Titan 80-200). The XPS spectra of the graphite and NCM
electrodes were measured by X-ray photoelectron spectroscopy (XPS, ESCALABMKLL) with
Al Ko radiation, which emits 1.4866 keV X-ray with the corresponding wavelength of 8.53 A.
All the cycled electrodes were rinsed with pure anhydrous EMC solvent to remove residual
LiPFg, dried, and then sealed in the glovebox before being transferred for characterizations. In
the Differential Scanning Calorimetry (DSC) experiments, the de-lithiated cathode (NCM622)

electrodes were retrieved from the coin cell that charged to 4.5 V (vs. Li/Li") and rinsed
4
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thoroughly with dimethyl carbonate (DMC) solvent. The dried cathode materials were
scratched off from the current collector, then mixed with different electrolytes in the weight
ratio of 10:1 in an Ar-filled glovebox. Then, 7 mg as-prepared samples (i.e., a mixture of the
de-lithiated NCM622 cathode and electrolytes) were sealed in a 30 pL high-pressure stainless-
steel DSC vessel with a gold-plated copper. The measurements were conducted on a Pyris 1
differential scanning calorimeter (NETZSCH, DSC 200 PC). The DSC profiles were recorded
between 50 and 350 °C with a scan rate of 5°C min .

The contact angles of electrolytes were measured by a contact angle meter (Kruss DSA
10). Electrolyte conductivities were performed on a conductivity meter (Five Easy Plus™-FE38,
Mettler Toledo Co., Ltd) at 25°C. The calculation of tr;" resulted from the Bruce-Vincent-Evans
equation in Figure S10f. The AV is the applied polarization voltage. The Ip and Ry are the initial
currents and interfacial resistance before polarization, respectively, while the Iss and Rss are the
steady-state currents and interfacial resistance after polarization, respectively. The
chronoamperometry was carried out by symmetrical Li || Li cells with applying a 10 mV (AV)
direct current (DC) pulse for 10 min, while the EIS measurement was performed by using an
alternating current (AC) signal with an amplitude of 10 mV within the 100 kHz-1 Hz frequency
range. The calculation of t;" resulted from the Bruce-Vincent-Evans equation in Figure S10f.
The AV is the applied polarization voltage (AV = 10 mV), the Iy, and Ry are the initial currents
and interfacial resistance before polarization, respectively, while the Iss and Rss are the steady-
state currents and interfacial resistance after polarization for 600 s, respectively. Fourier-
transform infrared (FTIR) was collected by the VERTEX 70 FTIR spectrometer, where the
lithium salt or the electrolyte was placed directly on the windows testing holders with 2 cm™!

resolutions with 32 total scans. All FTIR spectra were processed and analyzed by OMNIC and
5
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Originlab software. Finally, the Nuclear magnetic resonance (NMR) analysis of the electrolyte
was carried out on Bruker AV-11I 600 MHz Liquid NMR.

Theoretical simulation. The binding energy and molecular orbitals were studied based on the
gas phase calculations and the implicit solvent models using the Gaussian09 package.® Firstly,
the structural optimizations were performed using the PBEO level of density functional theory, ]
together with the DEF2TZVP basis sets.’) The vdW interactions were described using
Grimme’s dispersion correction.[® Thereafter, the structural were further optimized using the
SMD implicit solvent modell”! with the dielectric constant of 5. The bulk properties of the
systems were evaluated using the AMBER force field [¥! and the missing parameters were
obtained using the AMBER-GAFF method.”! The systems were firstly equilibrated within the
NPT ensemble 1'% with the 1 bar pressure and 300 K temperature for 5 ns. Then, the last frame
of the system was quenched from 3000K to 300K in the NVT ensemble!® for a sum of 30 ns.
Next, the system was re-equilibrated within the NPT ensemble with 1bar pressure and 300 K
temperature. The above process was repeated 4 times, and the volume is converged to a fixed
value. Thereafter, the system was simulated in the NVT ensemble for 50 ns, and the last 30ns
were used to calculate the radial distribution functions. At the interface, the systems were

further simulated for 100 ns.
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Figure S2. Oxidative stability of the various electrolytes. (a) Linear sweep voltammograms
(LSV) profiles of SP-PVDF/Al electrodes || Li with the scan rate of 1 mV s™! from 3.0 V to 6
V. (b) Current vs. time profile of the SP-PVDF/Al electrodes || Li applied to a stepwise potential

sweep (potential increasing by 0.1 V each 1 h).

The oxidative current of the electrolyte increases gradually as increasing the volume ratio of
MA in the electrolyte, while the electrolyte can still be stabilized at the high voltage of 4.8 V
vs. Li/Li", as shown in the LSV test (Figure S2a). Thus, the cell can work well at 4.5 V vs.
Li/Li". This result is further confirmed by the harsher stepwise potential sweep test, where the
oxidative current has a trend to be increased when the voltage is higher than 4.8 V vs. Li/Li*
(Figure S2b). But, the oxidative current increment of E/M73 and EMC electrolytes is relatively
small. All these results prove that the E/M73 electrolyte is stable under the high potential (e.g.,
4.5V vs. Li/Li").
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Figure S3. Comparative electrochemical performance of the high-voltage graphite ||
NCM622 cell employing different electrolytes. (a) Initial Coulombic efficiency (ICE) of the
full cell used E/MS55 and E/M37 electrolyte and cycling performance of the full cell under 1C
(C=1.5 mA cm™) at (b) 25°C and (c) 50°C. (d) Cycling stability and (e) power capacity of the
full cell with higher mass loading electrode (i.e., cathode, ~9.5 mg cm™; anode, ~6.9 mg cm™).
(f) Differential scanning calorimetry traces showing heat flow from the reaction of the different

electrolytes with de-lithiated NCM622 (i.e., charged to 4.5V vs. Li/Li").
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a 1.2 M LiPFgin EMC: EC=7:3 (v : v) b 1.2 M LiPFzin EMC
13.9° 41.7° 12.8° 9.7° 33.3° 9.4°
C 1.2 M LiPFgin EMC: MA=7:3 (v : v) d 1.2 M LiPF¢in MA

OK(R 30.6° 8.2° 7.6° 27.2° 7.3°
i N . e T

2 Figure S4. Contact angles of different electrolytes on the NCM622 cathode, PP separator, and

3 graphite anode, respectively.
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1 Figure S5. One pulse protocol of the HPPC test for graphite || NCM622. (a) Current curve and
2 (b) voltage curve as a function of time (e.g., 50 % DOD).
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1 Figure S6. SEM images of (a) the secondary particles of pristine NCM622 and (b) the surface

2 of pristine graphite.

3
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Figure S7. Component analysis of electrolyte decomposition by XPS spectra. Convoluted
spectra area percentage of cycled NCM622 electrode, including (a) Ols and (b) Fls. (c) Cls
spectra of cycled graphite. Convoluted spectra area percentage of cycled graphite, including (d)
Lils, (e) Ols, (f) Cls, and (g) Fls.
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— 1.0 I
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3 051
[72]
>
> 0.0
> -0.51
§ 10 0.5 mA cm2-1mAh cm™?
) 25 50 75 100 125 150 175

Duration time / h

1 Figure S8. Cycling performance of Li || Li symmetric cell with EMC, E/M73, and MA

2 electrolytes under the current density of 0.5 mA cm with the capacity of 1 mAh cm™ conditions.
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Figure S9. Fitting FTIR spectra of E/M55 and E/M37 electrolytes in (a) Li"-solvent (1830 cm
11650 cm™) and (b) free-PFs or CIPs in different solvents (920 cm™~805 cm™'), and (c) "Li-

NMR spectra and (d) "F-NMR spectra of LiPFs in different kinds of solvents.
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Figure S10. Current variation with the polarization of a Li || Li symmetric cell with an applied

potential of 10 mV and EIS test before and after polarization. (a) EMC, (b) E/M73, (c) E/M55,

(d) E/M37, (e) MA electrolytes, and (f) equivalent circuit model and the calculated formula of

Li" transference number.
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1 Table S1. Comparison of the electrochemical performance of the high-voltage LIBs employing

2 E/MT73 electrolytes and those using different electrolytes reported before.

Initial
Battery Electrolyte Voltage (V) dlscha}rge Cycling and rate Ref.
capacity performance
(mAh g™)

. 1.0 M LiDFOB in
Graphite || ADN/DMC+2 3.0~4.5 189.4 86% after 40 cycles (g
NCM333 WLIEEC (vs. Li/Li*) ’ at 0.5 C; no rate
Graphite | 1.15 M LiPFg in 90.1% after 100
NC%/I333 EC/EMC+0.1wt.% 3.0~4.5 ~165.0 cycles at 1.0 C; 117 (10]

dopamine mAh g1 (30)

Graphite | 1.0 M LiPFs in 75.4 % after 100
NC%/I333 EC/DMC/EMC 3.0~4.6 191.6 cycles at 0.2 C; no (i
+0.2 wt.% TFPM rate

. 1.0 M LiPFe in 90.8 % after 70
Graphite || popNvicEMCHT 275435 176.6 cyclesat LOG; g
NCM424 Wit.% TMSP ' ) ’ 112.9 mAh g!

' 3C)
Graphite || ¢ pvic/pesn o ~1950  cyclesat1.0C;no 113
NEM523 wt.% PS (vs. Li/Li") rate
Graphite | 1.0 M LiPFs in 83.6% after 100
NC§/1523 EC/EMC+ 3.0~4.6 193.5 cycles at C/3; no (141
1wt. % TFEOP rate

. . . 81.5 % after 50

Graphite || 1.0 M LiPFs in EC/ s
3.0~4.5 ~200.0  cyclesat1.0C; 150 "]
NCM622 EMC+1 wt.% CEP mAh g (3C)

. . 81.8% after 400
Graphite || 1.2 M LiPFg _ _ [16]
NCM622 DEEC/TEPMS 3.0~4.5 195.9 cycles e;ta?éS C; no

. . . 87.4% after 200 .
Graphite || 1.2 M LiPFg in ) This
NCM622 EMC/MA 2.75~4.45 201.2 cycles at_}C, 162 Work

mAh g* (3C)
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Table S2. EIS impedance of the full cell using different electrolytes after 200 cycles at 1 C.

Graphite || NCM622 NCM622 || NCM622  Graphite || Graphite
Electrolytes

R(Z)/ Q cm? R(Z)/ Q cm? R(Z)/ Q cm?
EMC 94.7 166.6 21.1
E/M73 92.2 176.8 14.4
MA 128.6 267.3 29.8
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Table S3. The coordination number of Li*-solvent, total coordination number, and CIPs ratio

of 1.2 M LiPFs in EMC, E/M73, E/M55, E/M37, and MA were calculated by the fitting result

of FTIR.
Coordination number
Electrolytes CIP ratio
EMC MA Total
EMC 3.40 0 3.40 84.7 %
E/M73 2.65 1.16 3.81 76.8 %
E/MS55 1.55 2.12 3.67 46.0 %
E/M37 1.46 2.62 4.08 40.1 %
MA 0 4.66 4.66 29.6 %
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