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handheld electronics and electric vehi-
cles.[1] However, the current LIBs cannot 
satisfy growing demands for higher energy 
density, greater power capability, and the 
better safety performances required for 
large-scale applications.[2] Although high-
capacity and/or high-voltage cathodes (e.g., 
Ni-rich, Li-rich layered oxides,[3] and spinel 
LiNi0.5Mn1.5O4 cathodes[4]), as well as high-
capacity anodes (e.g., Li-,[5] Si-,[6] and Sn[7]-
based materials), are being widely explored, 
the issue of developing a compatible elec-
trolyte for these electrodes has become ever 
more important.[8] Particularly in extreme 
conditions (e.g., high-voltage, low/high 
temperature, and super-fast charging/dis-
charging), detrimental electrolyte–electrode 
side reactions are inevitable because elec-
trolyte-determined interfacial stability as a 
precondition for battery operations is still 
not yet fully understood.[9] 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+).[10] 
To this end, designing electrolytes by stabi-
lizing the electrolyte–electrode interfaces 

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

Unfortunately, conventional ethylene carbonate (EC)-
based electrolytes are oxidized on the highly active surface of 

High-voltage lithium-ion batteries (LIBs) enabled by high-voltage electrolytes 
can effectively boost energy density and power density, which are critical 
requirements to achieve long travel distances, fast-charging, and reliable 
safety performance for electric vehicles. However, operating these bat-
teries beyond the typical conditions of LIBs (4.3 V vs Li/Li+) leads to severe 
electrolyte decomposition, while interfacial side reactions remain elusive. 
These critical issues have become a bottleneck for developing electrolytes 
for applications in extreme conditions. Herein, an additive-free electrolyte is 
presented that affords high stability at high voltage (4.5 V vs Li/Li+), lithium-
dendrite-free features upon fast-charging operations (e.g., 162 mAh g−1 at 
3 C), and superior long-term battery performance at low temperature. More 
importantly, a new solvation structure-related interfacial model is presented, 
incorporating molecular-scale interactions between the lithium-ion, anion, 
and solvents at the electrolyte–electrode interfaces to help interpret battery 
performance. This report is a pioneering study that explores the dynamic 
mutual-interaction interfacial behaviors on the lithium layered oxide cathode 
and graphite anode simultaneously in the battery. This interfacial model 
enables new insights into electrode performances that differ from the known 
solid electrolyte interphase approach to be revealed, and sets new guidelines 
for the design of versatile electrolytes for metal-ion batteries.

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.202102964.

J. Zhang
Key Laboratory of Magnetism and Magnetic Materials of the 
Ministry of Education
School of Physical Science and Technology
Lanzhou University
Lanzhou 730000, China
E-mail: zhangjl@lzu.edu.cn
G.-T. Park, Y.-K. Sun
Department of Energy Engineering
Hanyang University
Seoul 133-791, Republic of Korea
E-mail: yksun@hanyang.ac.kr

1. Introduction

Lithium-ion batteries (LIBs) have become an indispensable 
energy storage technology and play an important role in 
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cathodes upon battery operation at high potential (≥4.3  V  vs  
Li/Li+).[11] EC was found to react with the singlet oxygen that was 
released from the LiNixCoyMnz (x + y + z = 1, i.e., NCM cathode),[12]  
and/or bring a transfer of atomic hydrogen from EC.[13] Thus, 
numerous efforts have been devoted to the development of 
electrolytes without using EC solvent, such as super-concen-
trated ele ctrolytes,[14] localized high-concentration electro-
lytes,[15] and all-fluorinated electrolytes.[16] Improved battery 
performances upon the use of these new electrolyte systems 
are mainly ascribed to the formation of a robust cathode– 
electrolyte interface (CEI) film that helps to suppress electrolyte 
decomposition. This viewpoint is similar to adding film-forming 
additives (e.g., vinylene carbonate, prop-1-ene-1,3-sultone, and  
triallyl phosphate) in EC-free electrolytes.[17] However, the mole-
cular-scale interactions of the lithium-ion (Li+), anion, and solvent 
on the electrolyte–electrode interfaces are not fully understood, 
while their effects on Li+ transport, electrochemical stability of the 
electrolyte, and electrode performance also remain elusive. There-
fore, to the best of our knowledge, there are no clear interfacial 
chemistry guidelines for designing electrolytes to improve battery 
performance, besides the well-known consensus of CEI formation.

The lack of clear guidelines (i.e., a focus on addressing the 
challenges on the cathode only) has resulted in new problems 
at the anode. Many overlooked problems on the anode have 
been reported when an EC solvent-free strategy is employed to 
avoid electrolyte oxidation on the cathode. For example, serious 
side-effects from severe decay of cycle performance and safety 
issues with LIBs have been reported when using EC-free elec-
trolyte[18] 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 behaviors and reaction mecha-
nisms on the surface of electrodes, particularly the cathode and 
anode simultaneously, is crucial for developing electrolytes.

Herein, a new carbonate-based high-voltage electrolyte 
employing a mixture of ethyl methyl carbonate (EMC) and 
methyl acetate (MA) solvents without adding any additive is 
reported. The electrolyte successfully achieves excellent stability, 
fast-charging capability, and superior low-temperature perfor-
mances of LIBs at a normal concentration of 1.2 m LiPF6. It is 
confirmed that the interactions between the lithium-ion, anion, 
and solvent play a critical role to determine the interfacial behav-
iors between the electrolyte and electrodes. Based on these find-
ings, a new interfacial model is presented to explain the stability 
of the electrolyte on the surface of the NCM cathode and graphite 
anode. This work significantly complements our understanding 
of solid electrolyte interphase (i.e., SEI or CEI) effects on battery 
performance. More importantly, the interfacial model presented 
provides an efficient strategy for engineering 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 is composed of 
EMC and MA solvents, in which EMC has a good oxidative  
stability (Figure  1a)[19] and MA has a low freezing point and 
a high ionic conductivity (Figure  1b).[20] 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)[21] to enhance the ionic conductivity for 
greater rate capabilities, especially in low-temperature condi-
tions (Figure 1c). As a paradigm, the graphite || NCM622 battery 
employing this high voltage electrolyte (i.e., EMC/MA = 7/3 v/v, 
E/M73) demonstrates a high initial Coulombic efficiency (ICE) 
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Figure 1. Characteristics 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 versus capacity profile and initial Coulombic efficiency (ICE) in the first cycle, e) rate performance, f) special fast 
charging/discharging feature, and g) long-term cycling at −5 °C under 0.5 C (C = 1.5 mA cm−2).
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of 88.9% and a capacity of 201.2 mAh g−1, which is close to that 
when employing EMC electrolyte (89.7%, 202.3  mAh  g−1) but 
much higher than that when employing MA electrolyte (72.3%, 
189 mAh g−1) at a high voltage of 4.45 V (Figure 1d, see battery 
configuration in Figure S1, Supporting Information). This 
result is consistent with the higher stability of the E/M73 elec-
trolyte, as confirmed by linear sweep voltammograms and step-
wise potential sweep measurements[22] in Figure S2, Supporting 
Information. Moreover, the comparative cycle performance of 
the cell employing different electrolytes also corroborates this 
observation (Figure S3a–c, Supporting Information).

A high wettability of electrolytes also contributes to the 
power capacity of the cell. It was found that the contact angles 
of E/M73 electrolyte on the NCM622 cathode, PP separator, and 
graphite anode were 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 LiPF6 in EMC:EC = 7:3 
(v:v); 13.9°, 41.7°, and 12.8°) (Figure S4, Supporting Informa-
tion). This result should benefit from the low viscosity of 
MA solvent (i.e., 0.364  mPa  s−1). Then, a much higher power 
density can be obtained by employing the E/M73 electrolyte 
(Figure  1e). For example, the battery achieves capacities of  
175, 170, and 162 mAh g−1 at a 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−1) and MA (i.e., 140, 119, and 93 mAh g−1) electro-
lytes. The initial discharge and power capacities obtained are 
greatly improved compared to high-voltage LIBs using different 
previously reported electrolytes (Table S1, Supporting Infor-
mation). Furthermore, the capacity is successfully retained at 
197 mAh g−1 at 0.2 C after the high C-rate test, which is more 
improved than that of 176 and 125 mAh g−1 by employing EMC 
and MA electrolytes, respectively. Moreover, it was also con-
firmed that the cycle performance (i.e., a capacity retention of 
89.0% after 100 cycles at 1.9 mA cm−2) and power capacity (i.e., 
150.4 mAh g−1 at 3 C) were well-maintained even at a high mass 
loading of active materials (Figure S3d,e, Supporting Informa-
tion), demonstrating the practical capabilities of the electrolyte.

The fast-charging features of our electrolyte were further 
demonstrated by a fast Constant Current–Constant Current pro-
tocol (Figure 1f). It was found that 81.2% of the initial capacity 
was achieved under 2.5  C (i.e., 24  min) using E/M73 electro-
lyte, the value of which is higher than the 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).[23] 
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 the values of 56.2% 
and 13.4% obtained with EMC and MA electrolytes (Figure 1g). 
These results confirm the specialness of E/M73 high-voltage 
electrolyte, which enables a superior power capability and low-
temperature performance at a high-voltage operation.

Note that 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 addi-
tive.[24] The capacity retention of the cell is 85.4% after 50 cycles at 
1 C when the cell was cycled at 50 °C (Figure S3c, Supporting Infor-
mation). 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,  
Supporting Information). This result should be mainly attributed 
to the change in the interaction between PF6

− and Li+ at high tem-
peratures, where it is easier for PF6

− to reach the surface of the 
cathode and induce the solvent dehydrogenation. A detailed inter-
pretation of this viewpoint is discussed in the interfacial model 
in Section  2.7. Moreover, the thermal stability of the mixture of 
de-lithiated NCM622 cathode and electrolyte was studied by dif-
ferential scanning calorimetry.[25] It was found that the onset/peak 
temperature of the main peaks in the E/M73 electrolyte could 
be maintained at 219.9 °C/238.1 °C, which is much higher than 
203.8 °C/214.5 °C for the MA electrolyte and 217.7 °C/222.5 °C for 
the commercial E/E73 electrolyte. This 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 disadvan-
tages of the 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

The foundation of the high performance of the electrolyte was 
investigated by hybrid pulse power characterization (HPPC) 
and electrochemical impedance spectroscopy (EIS) measure-
ments. The area-specific impedance (ASI) change of HPPC was 
the most direct technique to compare battery power character-
istics (Figure S5, Supporting Information).[26] The ASI values, 
calculated using Equation (1)

R V V Idisc disc/0 1( )= −
 

(1)

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 to 64.4  Ω  cm2 after five HPPC cycles, while the 
corresponding values in the EMC and MA electrolytes increased 
from 75.4 to 82.2 Ω cm2 and from 96.1 to 106.4 Ω cm2, respec-
tively. This finding demonstrates that the ohmic and concentra-
tion polarization are very low in the E/M73 electrolyte. In addi-
tion, the corresponding OCVs of the E/M73 electrolytes under 
various DODs were also the most stable compared to those 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 and Table S2, Supporting Information). The R(Z) 
impedance of the full cell employing the EMC (94.7 Ω cm2) and 
E/M73 (92.2 Ω cm2) electrolytes was similar after 200 cycles. In 
contrast, the value was higher in the full cell employing MA 
electrolytes (128.6 Ω cm2) (Figure 2d), showing the same trend 
as their cycling performance (Figure S3b, Supporting Informa-
tion). The origins of the impedance were analyzed from the 
R(Z) impedance of the symmetric NCM622 || NCM622 and 
graphite || graphite cells. It was found that the impedance of 
the symmetric NCM622 || NCM622 cell using E/M73 electro-
lyte (176.8  Ω  cm2) was slightly higher than that using EMC 
electrolyte (166.6  Ω  cm2), which was much lower than that 
using MA electrolyte (267.3  Ω  cm2) (Figure  2e). This result 
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demonstrates that EMC is more compatible with the cathode 
at high voltage, while the amount of MA needs to be controlled 
prudently due to its low stability. More significant differences 
were observed on the cycled graphite anode. The R(Z) imped-
ance of symmetric graphite || graphite cells employing E/M73 
electrolyte was about 14.4 Ω cm2 after 200 cycles, which is much 
lower than the 21.1 and 29.8 Ω cm2 of that using EMC and MA 
electrolytes (Figure  2f), respectively. This 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 composition in the electrolyte decomposi-
tion that occurs on the surface of electrodes needs to be further 
studied at the molecular scale.

2.3. Electrolyte/Cathode Interface

The morphology and crystalline structure of the cycled NCM622 
cathodes were investigated to understand the origin of the dif-
ferent performances of the electrolytes (Figure 3). It was found 
that the secondary particles were intact and distributed evenly 
on the cycled NCM622 electrodes when the EMC and E/M73 
electrolytes were used (Figure 3a–a2). The only difference was 
a little deposition observed on the smooth surface of NCM622 
particles cycled with the E/M73 electrolyte (Figure  3b–b2 and 
Figure S6a, Supporting Information). In contrast, microc-
racking in the secondary particles and more decomposition 
products were observed on the surface of the primary particles 
upon the use of MA electrolyte (Figure 3c–c2). This observation 
is consistent with the impedance analysis (Figure 2e), demon-
strating the durability of the EMC solvent for the cathodes.

X-ray photoelectron spectroscopy (XPS) analysis further 
confirmed the different components of decomposed electro-
lytes on the surface of NCM622 cathodes. There is a similar 

component of O-lattice (529.3 eV),[27] CO (532 eV), and CO 
groups (533.7  eV)[28] on the cathodes cycled with EMC and  
E/M73 electrolytes (Figure 3d). In contrast, the amount of CO 
was dominant while the O-lattice was absent on the surface of 
the cathode cycled with MA electrolyte (Figure S7a, Supporting 
Information), 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 of O-lattice on the NCM622 may be covered so that 
the spectra are difficult to detect. More information could 
be summarized from the F 1s spectra, in which the peaks at 
687.8, 686.6, and 685.1  eV correspond to the PVDF binder,[10]  
LixPOyFz (i.e., the decomposition products of LiPF6),[27] and  
LiMxFyOz (M  =  Ni, Co, or Mn) (i.e., formed by reacting  
with HF),[29] respectively (Figure 3e). It was found that the rela-
tive content of LiMxFyOz increased (Figure S7b, Supporting 
Information) with increasing the volume of MA, which is due 
to the content of the HF (i.e., it is generated by reacting protic 
species from the dehydrogenation of solvents with LiPF6) being 
increased in the MA electrolyte. In other words, the dehydroge-
nation of solvents and the oxidative decomposition of LiPF6 were 
suppressed in EMC and E/M73 electrolytes; thus the amount of 
LixPOyFz in CEI becomes dominant compared to the LiMxFyOz.

The crystallographic variation of the NCM622 cathodes was 
further analyzed by the peak shifts of (003) scattering angles 
in XRD patterns (Figure 3f). The peak of (003) was shifted to 
a lower angle in the cathode cycled with the MA electrolyte, 
demonstrating increased crystal plane cracks caused by local 
structural collapse. This could be ascribed to serious MA elec-
trolyte 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 provides more evidence 
(Figure  3g–j), in which the layered (i.e., R-3m space group[30]) 
and partial spinel phases coexist in the inner and outer surface 
area on the NCM622 electrode cycled with the EMC electrolyte 
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Figure 2. Comparison of power feature and interfacial impedance. Comparative ASI impedance and OCVs of the graphite || NCM622 cell by the HPPC 
used a) EMC, b) E/M73, and c) MA electrolytes. EIS impedance of d) graphite || NCM622 full cell and the symmetrical cell of e) NCM622 || NCM622 
and f) graphite || graphite in different electrolytes after 200 cycles at 1 C.
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(Figure  3h1,h2). In contrast, the spinel phases increased 
slightly with the E/M73 electrolyte (Figure 3i2), while rock-salt 
phases (Ni–O)[31] could be also detected in the MA electrolyte 
(Figure  3j3). This result demonstrates the necessity of adding 
EMC into MA to protect the NCM cathode, otherwise, the 
high-valence Ni4+ and Ni3+ ions formed in a fully charged state 
could be easily reduced to Ni2+ ions by MA. The highly active 
oxidative Ni4+ and electrolytes decomposition products, such as 
HF, could form an exceptionally unstable environment under 
the high-voltage charge.[32] This process could trigger a severe 
oxygen evolution from the electrode, induce phase transforma-
tion, and further exacerbate the electrolyte decomposition.

2.4. Electrolyte/Anode Interface Analysis

The interaction between the electrolyte and graphite anode 
is also important in full batteries, especially during cycling 
at fast charging and high voltage. The variation in the cycled 
graphite anodes with different electrolytes is investigated in 
Figure  4. Lithium deposition and electrolyte decomposition 
were observed on the surface of cycled graphite using the EMC 
electrolyte (Figure 4a,d vs Figure S6b, Supporting Information). 
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 elec-
trolyte decomposition on the surface of the graphite anode 
were significantly mitigated by using the E/M73 electrolyte 
(Figure 4b,e). These results are consistent with the impedance 
analysis (Figure  2f). The observations of graphite cycled with 
the MA electrolyte lay in an intermediate position between the 
EMC and E/M73 electrolytes (Figure 4c,f). The compatibility of 
electrolytes judged from the cycled graphite anodes is in the 
sequence E/M73 > MA > EMC, which was further proven by the 
stability of the symmetric Li || Li cells (Figure S8, Supporting 
Information). These results demonstrate the necessity of MA 
addition into the EMC electrolyte to ensure 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, Supporting Information).

These observations were further confirmed by XPS anal-
ysis of the electrolyte decomposition products on the graphite 
anodes. The LiCO3 peaks in C 1s spectra (i.e., 289.9 eV)[33] and 
Li 1s spectra (i.e., 55.3  eV  vs  LiF at 56.0  eV)[34] significantly 
increase on the graphite cycled with the EMC electrolyte 
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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–a2) EMC, b–b2) E/M73, and c–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–h2) EMC, i–i2) E/M73, and j–j3) 
MA electrolytes.
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(Figure  4g and Figure S7c,d,f, Supporting Information), sug-
gesting an increased formation of Li2CO3 due to a reaction 
between the deposited lithium metal and EMC solvent. This 
is consistent with the result from O 1s spectra judged by CO 
at 532.5 eV and the CO groups at 533.7 eV[28] (Figure 4h and 
Figure S7e, Supporting Information). In addition, the F 1s spec-
trum of the graphite anode cycled with EMC electrolyte shows 
a much stronger LixPFy peak (i.e., at 688.3  eV[33]) than that of  
LixPOyFz (i.e., at 686.6  eV[27]), but the LiF peak (i.e., at 
685.0  eV[35]) is more obvious in comparison to the MA elec-
trolyte (Figure  4i and Figure S7g, Supporting Information). 
The result indicates that the decomposition of LiPF6-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, Supporting Infor-
mation), such as the oligomers formed from the reduction of 
the electrolyte solvent by the deposited lithium metal. Sets of 
characterizations on the surface of NCM cathodes and graphite 
anodes were carried out, which corroborated the roles of the 
electrolyte composition on the decomposition products. Besides 
the composition and architecture characterizations of the elec-
trolyte decomposition products, an understanding of the elec-
trolyte decomposition process on the surface of the electrodes 

remains unclear, thus, a molecular-scale interfacial model of dif-
ferent electrolyte compositions is needed to interpret the details.

2.5. Role of Solvation Structure

The lithium-ion solvation structure first was studied by Fourier 
Transform infrared spectroscopy (FTIR). The combined peak 
at 1750 and 1747 cm−1, corresponding to the CO stretch vibra-
tions of EMC and MA,[11,36] had a redshift and was split into 
two main peaks at 1718 and 1712  cm−1 when the 1.2  m  LiPF6 
salt was dissolved into the solvent mixture (Figure  5a and  
Figure S9a, Supporting Information). This is a well-known 
solvation process, in which the ionic compound of Li+–PF6

− is 
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 (PF6

−) is classified into 
uncoordinated (free) PF6

− (at 845 cm−1) and Li+–PF6
− (i.e., contact 

ion pairs, CIPs) at the peaks of 834 and 870 cm−1[37] (Figure 5b 
and Figure S9b, Supporting Information). In particular, the 
coordinated number or proportion of each electrolyte species 
was quantitatively estimated by deconvoluting the FTIR spectra 
deliberately (Figure 5e and Table S3, Supporting Information).[38]

It was found that the coordination number of MA mole-
cules (Li+–MA) increased while that of the EMC molecules 
(Li+–EMC) and CIPs ratio (Li+–PF6

−) decreased with increasing 
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Figure 4. Characterizations of graphite anode in the graphite || NCM622 cell employing different electrolytes after 200 cycles. SEM images and illustra-
tion 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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volume of MA in the electrolyte. This observation is reason-
able because MA has a higher capability to dissociate LiPF6 
due to its higher dielectric constant (i.e., eMA = 6.68) compared 
to EMC (i.e., eEMC  =  2.958).[21] Thus, PF6

− becomes hard to 
involve in the Li+-solvation structure when MA is added into 
the EMC electrolyte, which was further corroborated by the 
7Li NMR and 19F NMR analysis of the electrolytes (Figure 5c,d 
and Figure S9, Supporting Information). First, the 7Li NMR 
chemical shift moved downfield (i.e., to higher values[39]) when 
MA was added into the EMC electrolyte to form E/M73. The 

downfield shift appeared because MA participates in the coor-
dination 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−1 vs −50.66 kcal mol−1 
for Li+–EMC) (Figure 5i,j) and reduces the contact opportunity 
of Li+ and PF6

− due to the high dielectric constant of MA. The 
same phenomenon was observed in the chemical shift of 19F 
NMR where MA reduces the shielding effect on the Li+ ions 
and effectively dissociates Li+–PF6

− coordination, which is 
consistent with the observations from FTIR. Based on these 
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Figure 5. Electrolyte analysis and solvation behaviors in different electrolytes. FTIR spectra of a) Li+–solvent, b) free–PF6
− or CIPs, c) 7Li NMR spectra 

of Li+, and d) 19F NMR spectra of PF6
− in different electrolytes. e) Coordination number of Li+–solvent and CIPs ratio obtained from the FTIR fitting 

results. Frequency of PF6
− 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 l) conductivity and transference number of Li+ ions in different electrolytes.
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findings, the proposed coordination structures are illustrated in 
Figure 5f–h.

Note that the above analysis presented in Figure 5a–h is an 
average coordination structure for Li+ and the solvent, while 
one Li+ can coordinate with four solvent molecules in the elec-
trolyte. EMC has a strong interaction with Li+ in the solvation 
structure in the EMC electrolyte, and PF6

− may contact with 
Li+ in a high frequency due to the low dielectric constant, as 
demonstrated by the high CIP ratio (i.e., Li+–PF6

−) in FTIR 
(Figure  5f–h). In contrast, MA has a relatively weak interac-
tion (vs EMC) with Li+ in the solvation structure, and PF6

− is 
hard to contact with Li+ because of the high dielectric constant.  
Then, the appearance frequency of PF6

− around the first solva-
tion structure in the electrolyte decreases in the sequence EMC 
> E/M73 > MA (i.e., f1 > f3 > f2).

The Li+–O radial distribution function (RDF) corroborated 
the different interactions between the solvents (e.g., EMC and 
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 high-field in the NMR spectrum (Figure  5c). The Li+–PF6

− 
NMR for the PF6

− neighbor to Li+ also confirmed the higher 
frequency of PF6

− appearing around Li+ in the EMC electrolyte 
than that in the MA electrolyte (Figure  5d). In brief, the MA  
solvent can dissociate LiPF6 effectively and compete with the 
EMC solvent to participate in the first solvation structure 
around Li+ when MA is added into the EMC electrolyte. Then, 
PF6

− is easy to contact with Li+ and form CIPs in EMC elec-
trolytes (EMC and E/M73), but PF6

− can be excluded from the 
solvation structure by MA in the MA electrolyte. These results 
are consistent with the FTIR and NMR results.

As a result, the conductivity of the electrolyte increased from 
5.0 to 21.7  mS  cm−1 with increasing the amount of MA from 
0% to 100% (Figure 5l). This is because EMC could be replaced 
by MA in the solvation structure, where PF6

− could also keep 
far from Li+ due to the higher dissociated capability and then 
demonstrate enhanced mobility. 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 PF6

− (i.e., t+  +  t−  =  1) (Figure  5l; the calculation 
of tLi

+ resulted from Figure S10, Supporting Information).[40] 
These results are in good agreement with the change of CIPs 
ratio, in which the presence of PF6

− was excluded from the 
solvation structure (i.e., the increased number of free PF6

−). 
Note that although there is a high transference number in 
the EMC electrolyte, the very low conductivity of 5.0 mS cm−1 
could cause lithium metal deposition on the graphite anode 
due to severe concentration polarization (Figure  4a,d). The  
E/M73 electrolyte has a suitable conductivity of 8.2  mS  cm−1 
and a transference number of 0.419, which guarantees a good 
rate capability and lithium-dendrite-free fast charging features 
(Figures 1e,f and 4b,e).

2.6. Simulation of Electrolyte Behavior

The Li+-solvation structure in the bulk electrolyte was investi-
gated to interpret the observed electrochemical performance in 

different electrolytes. Then, a solvation structure-related interfa-
cial model can be constructed to interpret the root cause of the  
varied performance in the different electrolytes. First, the elec-
tron distribution of the Li+–solvent–PF6

− complexes (i.e., CIPs) 
illustrated by electrostatic potential mapping was developed 
(presented in Figure 6a). The active electrons of the Li+–solvent–
PF6

− complexes increase with the increasing volume of MA 
solvent. This finding demonstrates that a high Coulombic 
interaction exists between PF6

− and the positively charged 
cathode electrode when the volume of MA solvent is dominant 
in the electrolyte (e.g., the volume of MA > 50%). Second, the 
desolvation energy of Li+ was also considered to analyze the 
interaction between the Li+–solvent–PF6

− in different electrolytes  
(Figure  6b). It was found that the Li+ desolvation energy  
(ELi

+
–3MA–PF6

−, −84.9  kcal  mol−1, ELi
+

–2MA–EMC–PF6
−, 

−92.41  kcal  mol−1, or ELi
+

–MA–2EMC–PF6
−, −97.39  kcal  mol−1) 

was reduced when the volume of MA solvent was domi-
nant in electrolyte compared to that of EMC (ELi

+
–3EMC–PF6

−, 
−101.34  kcal  mol−1). 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.

The HOMO and LUMO energy of the solvent, solvent–PF6
−, 

Li+–solvent, and Li+–solvent–PF6
− complex are presented in 

Figure 6c. It was found that the oxidation stability of all solvents  
increased when the solvent coordinated to Li+ (i.e., the HOMO 
energy of Li+–solvent is lower than solvent), but the stability  
was weakened once the solvent coordinated with PF6

−  
(i.e., the HOMO energy of solvent–PF6

− is higher than solvent, 
or Li+–solvent–PF6

− is higher than Li+–solvent). This is because 
the solvent-induced by PF6

− can lose electrons more easily, 
and then the H-abstraction of solvent can occur at high poten-
tial, forming HF upon cycling. Thus, making PF6

− away from 
the solvent is important to maintain electrolyte stability at 
the cathode interface, while the reduced ability of solvent, 
Li+–solvent, and Li+–solvent–PF6

− must also be considered.

2.7. Interfacial Model

The electrolyte formula of Li+[solvent]x[PF6
−] (x, calculated 

using the molar concentration) was used to describe the elec-
trolyte–electrode interfacial behaviors.[41] For example, 1.2 m 
LiPF6 solvation in the EMC, E/M73, and MA electrolytes are 
described as Li+[EMC]8.11[PF6

−], Li+[MA]3.14[EMC]5.68[PF6
−] and 

Li+[MA]10.46[PF6
−], respectively. Then, the interfacial model was 

derived when Li+ was de-solvated from the solvation struc-
ture. The relative frequency of PF6

− around the Li+ solvation 
structure in the bulk electrolytes and at the electrolyte–elec-
trode interfaces is presented in Figure  7. Different interfacial 
behaviors of the electrolytes and their relations with the elec-
trode performances are discussed in detail later.

In the EMC electrolyte, PF6
− appears around Li+ in the 

solvation structure with a high frequency (i.e., f1) due to the low 
dielectric constant of EMC (i.e., the high CIPs ratio) in the EMC  
electrolyte. A strong interaction (i.e., f1′) exists between 
Li+ and EMC–PF6

−, and such an interaction weakens the 
Coulombic interaction between PF6

− and the positively charged  
cathode (Figure 7a). In this state, the EMC–PF6

− pair is difficult 

Adv. Mater. 2021, 33, 2102964
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to move closer toward the surface of the cathode due to the 
weak interaction. As a result, EMC–PF6

− is also hard to oxidize 
due to the difficulty in transferring electrons to the cathode and 
the high oxidation stability (vs MA–PF6

−). Besides, the oxida-
tion stability of free EMC solvent is also improved, because the 
free EMC coordinates with Li+ when Li+ is extracted from the 
cathode upon the charging process to form the Li+–EMC pair 
(i.e., the HOMO energy of Li+–EMC was lower than free EMC) 
(Figure 6c). In particular, PF6

− is also difficult to de-solvate in 
the initial Li+ solvation structure and then moves closer to the 
newly formed Li+–EMC pair (i.e., the less free PF6

− can move 
close to the Li+–EMC pair as most of PF6

− bounds to around 
Li+ and solvent in the bulk electrolyte due to the high CIPs 
ratio). Thus, the detrimental effect of the PF6

− reaction with 
EMC solvent that produces HF could be effectively mitigated. 
In this EMC electrolyte system, EMC–PF6

− 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 PF6

− with a low frequency that appears around Li+ (i.e., f2)  
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–PF6

− pair demonstrates a weak interaction with 
Li+ (i.e., f2′), then the MA–PF6

− can move closer to the cathode 
surface due to the strong Coulombic interaction between 
PF6

− and the positively charged cathode. As a result, electron 
transfer from MA–PF6

− to the cathode is possible, leading  
to a lower oxidation stability of MA–PF6

− compared to that of 

EMC–PF6
−. Note that the oxidation stability of the free MA  

solvent is not improved, as the case is opposite in the EMC  
electrolyte, because PF6

− can be de-solvated from the initial 
Li+ solvation structure readily and then moves closer toward 
the newly formed Li+-MA pair. The free PF6

− can move closer 
toward the formed Li+–MA as most of PF6

− 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, PF6

− 
promotes the oxidation of Li+–MA more easily on the cathode 
surface, as judged by the HOMO of Li+–MA and Li+–MA–PF6

− 
(Figure 6c), leading to a severe decomposition of the MA elec-
trolyte 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+–PF6

− because of insufficient EMC (i.e., 
Li+[MA]3.14[EMC]5.68[PF6

−]). This analysis is consistent with the 
observed medium CIPs ratio in the E/M73 electrolyte. PF6

− has 
a medium frequency (i.e., f3) that appeared around Li+, the 
value of which is lower than that in the EMC electrolyte (i.e., 
f1  > f3) but higher than that in the MA electrolyte (i.e., f3 >  f2) 
(Figure  5f–h). Then, PF6

− demonstrates a medium interac-
tion with the Li+–solvent in the E/M73 electrolyte compared 
to those in the EMC and MA electrolytes (i.e., f1′ >   f3′ >   f2′), 
giving rise to a medium Coulombic interaction and a safe 
distance between the PF6

− and the positively charged cathode 
(Figure  7c). As a result, the MA–PF6

− pair is hard to oxidize 
due to the difficulty in transferring electrons to the cathode 
and also its high oxidation stability (i.e., MA is close to Li+ 
but far from PF6

−). This phenomenon is similar to that in the 

Adv. Mater. 2021, 33, 2102964

Figure 6. Simulated solvation behaviors in different solvents. a) Electrostatic potential mapping about electron distribution for different Li+–solvent–
PF6

− pair. b) Desolvation energies between Li+–solvents–PF6
− obtained by DFT calculations (right inset is the simulation snapshot of Buried volume 

[%VBur] calculations for PF6
−). c) LUMO and HOMO energy of the solvent, solvent–PF6

−, Li+–solvent, and Li+–solvent–PF6
− pair (insets are molecular 

orbital simulation snapshots of LUMO and HOMO).
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EMC electrolyte. Moreover, the EMC solvent can also prevent 
PF6

− moving closer to the Li+–MA pair at the surface of the 
cathode when Li+ is extracted from the cathode. This conjec-
ture was further corroborated by the simulations, where the fre-
quency of PF6

− appeared around the surface of the cathode in 
the sequence EMC < E/M73 < MA electrolytes (Figure  7a′–c′). 
These results demonstrate the importance of solvent to deter-
mine the stability of electrolytes on the surface of the cathode 
at high potential.

Our interfacial model was also well-constructed on the 
surface of the graphite anode. In the EMC electrolyte, Li+ 
could interact with PF6

− via strong binding energy and high 
frequency (i.e., f1) 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 plate on the graphite anode 

because of the resultant high polarization. This process is 
detrimental because lithium can react with the EMC solvent 
due to the lower reduction stability of the Li+–EMC pair.[42] 
This 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 elec-
trolyte (Figure S3b, Supporting Information). Note that some 
side-reaction products can be observed in the MA electrolyte 
resulting in the lower formation of lithium dendrite, which is 
attributed to a low Li+ de-solvation energy (Figure 6b) and the 
side-effects of the polarization are less than that in the EMC 
electrolyte (a weaker interaction between 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, occurring 
because the LUMO energy of MA electrolyte is low (Figure 6c). 

Figure 7. Interfacial behavior and simulation from the bulk electrolyte to electrode interphase. a–c) Cathode interfacial model and a′–c′) simulated elec-
trolyte behavior on the cathode/electrolyte interphase, d–f) anode interfacial model, and d′–f′) simulated electrolyte behavior on the anode/electrolyte 
interphase in the EMC, MA, and E/M73 electrolytes, respectively.
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Thus, decomposition products of the electrolyte are observed 
at the graphite anode. This finding further demonstrates that 
although the single MA solvent can regulate the intercalation or 
deposition of Li+ by reducing the polarization, the high reduc-
tion activity would lead to the decay of the battery.

Interestingly, a completely different interfacial behavior was 
found in the E/M73 electrolyte. First, the interaction between 
EMC and Li+ is weakened by the MA solvent, where PF6

− 
could also keep far from Li+ compared to the situation in the 
EMC electrolyte. Then, Li+ de-solvation becomes easier, under 
which the intercalation of Li+ into graphite anode is prefer-
able compared to the 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+ solva-
tion structure. Thus, the E/M73 electrolyte has the combined 
advantages of EMC and MA electrolytes, thereby demonstrating 
better stability without the formation of lithium dendrite and 
enabling a good cycling performance of the battery. Note that 
this 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, we have not only built a new interfacial model 
on the cathode side for the first time, but also constructed the 
dynamic mutual-interaction interfacial behavior on the cathode 
and anode simultaneously to interpret the battery performance. 
The varied electrolyte–electrode behaviors (i.e., the behav-
iors of Li+–solvent–anion pairs) were thoroughly studied by 
experiments (e.g., FTIR and NMR) and simulations, which 
enable us to unravel the relationship between the interfacial 
behaviors and the electrode performance. This breakthrough 
could advance the development of battery electrolytes. To date, 
numerous simulations have been devoted to exploring the 
properties of electrolytes, which covers the study of stability and 
decomposition routines of electrolytes, as well as variation in 
the Li+ solvation structure from bulk electrolytes to electrode 
interfaces.[43] However, to the best of our knowledge, there 
is no report to date on interfacial models that elucidate the 
relationships between interfacial behavior and the electrode 
performance. Based on our results, we believe that the inter-
facial interaction is a significant factor that affects the battery 
performance, of which at least the interfacial interactions are 
similarly important to the role of SEI/CEI.[14c,44] Our discovery 
provides a new viewpoint for understanding the electrolyte–
electrode interactions and then efficiently improving the battery 
performance, prompting the development of future batteries 
with diverse systems. Therefore, the development of knowledge 
about the effects of SEI/CEI and electrolyte–electrode interfa-
cial interactions (i.e., the behaviors of the Li+–solvent–anion 
pair) should be kept in balance simultaneously when designing 
future electrolytes.

3. Conclusion

A new high-voltage electrolyte employing a cosolvent 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 has been presented, both 
on the cathode and anode, which unravels the molecular-scale 
of Li+–solvent–anion interactions on the surface of the elec-
trodes as well as their roles in battery performance. The inter-
facial model elucidates a new viewpoint to understand the key 
relationships between Li+ solvation structure in the electrolyte 
and the performance of electrodes, paving the way to hitherto 
undiscovered guidelines for designing electrolytes for metal-ion 
batteries.
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