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Countersolvent Electrolytes for Lithium-Metal Batteries

Nan Piao, Xiao Ji, Hong Xu, Xiulin Fan, Long Chen, Sufu Liu, Mounesha N. Garaga,
Steven G. Greenbaum, Li Wang,* Chunsheng Wang,* and Xiangming He*

Development of electrolytes that simultaneously have high ionic conductivity,
wide electrochemical window, and lithium dendrite suppression ability is
urgently required for high-energy lithium-metal batteries (LMBs). Herein,

an electrolyte is designed by adding a countersolvent into LiFSI/DMC

(lithium bis(fluorosulfonyl)amide/dimethyl carbonate) electrolytes, forming
countersolvent electrolytes, in which the countersolvent is immiscible with the
salt but miscible with the carbonate solvents. The solvation structure and unique
properties of the countersolvent electrolyte are investigated by combining
electroanalytical technology with a Molecular Dynamics simulation. Introducing
the countersolvent alters the coordination shell of Li* cations and enhances the
interaction between Lit* cations and FSI~ anions, which leads to the formation
of a LiF-rich solid electrolyte interphase, arising from the preferential reduction
of FSI™ anions. Notably, the countersolvent electrolyte suppresses Li dendrites
and enables stable cycling performance of a Li||[NCM622 battery at a high
cut-off voltage of 4.6 V at both 25 and 60 °C. This study provides an avenue to
understand and design electrolytes for high-energy LMBs in the future.

1. Introduction

The rapid development of electric vehicles and stationary energy
storage systems requests high-energy batteries, which cannot
be met by conventional lithium-ion batteries (LIBs) that are
approaching to their theoretical specific energy density.'?] With
an ultrahigh theoretical specific capacity (3860 mAh g!) and
the lowest electrochemical potential [-3.04 V versus standard
hydrogen electrode (SHE)], lithium-metal anode is considered
to be a promising anode for the next-generation high-energy
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batteries.'! However, Li dendrites growth
in lithium-metal batteries (LMBs) reduces
Coulombic efficiency (CE) of Li plating
and stripping and causes safety con-
cern.B¥l The commercial electrolyte with
the LiPF; salt and carbonate solvents
for the graphite anode is not suitable for
the lithium-metal anode.’! Introducing
lithium  host,[®71  artificial ~protective
interface,®”! and regulating electrolytes
(lithium salts, solvents, or additives)/!%-14
have been demonstrated as effective
approaches to suppress Li dendrites.

In recent years, “Super-concentrated
electrolyte”™!  [“Solvent-in-salt’1®l  or
“Highly concentrated electrolyte (HCE)”]P!
shows a high capability to suppress Li
dendrites and stabilize high-voltage cath-
odes, because the high concentration of
FSI™ anions facilitates the formation of a
high F-rich interphase on both Li metal
and cathode surfaces.l'”] However, high
viscosity and high cost restrict its practical application.l'¥! To
address the above issues, the inert diluent solvent has been
introduced to the HCE, forming “Localized high-concentration
electrolyte” 121921 or “Pseudo-concentrated electrolyte”2223]
with the low viscosity, high wettability, and high Li-ion conduc-
tivity. Herein, we report that the local-concentrated electrolyte
is in an intermediate state before lithium salt precipitation and
the inert diluent solvent is a countersolvent, which not only
contributes to the formation of local 3D regions, but also sat-
urates the electrolyte at a low salt concentration by the coun-
tersolvent effect and promotes the association of Li* and FSI~,
which have not been fully explored yet.

In order to meet the battery requirement on high tem-
perature (60 °C), we introduce the 1,1,2,2-Tetrafluoroe-
thyl-2,2,3,3-tetrafluoropropylether (TTE) with a high boiling
point (Ty, = 92 °C) as the countersolvent into the LiFSI/DMC
(lithium bis(fluorosulfonyl)amide/dimethyl carbonate) electro-
lyte (DMC:TTE, 1:1 by mol) forming a countersolvent electro-
lyte and systemically investigate the solvation structure of this
electrolyte. Both experimental and computational studies dem-
onstrate that adding countersolvent into electrolytes could sig-
nificantly reduce the solvation degree of Li* ions but increase
the binding strength of Li* ions with anions, which is favor for
forming an inorganic LiF-rich solid electrolyte interphase (SEI)
on Li metal. The countersolvent in the electrolyte could also
separately manipulate physical property (viscosity, ionic conduc-
tivity, etc.) and chemical/electrochemical property (electrochem-
ical stability window, etc.). The countersolvent electrolyte not
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only forms an Li dendrites-free SEI on Li metal, enabling a high
Li plating/stripping CE and a long-term cycling performance for
Li-metal anode, but also has a good compatibility with NMC622
cathode under a high voltage, thus exhibiting a stable cycling
performances of Li|[NCM622 battery at a high cut-off voltage
of 4.6 V at both 25 and 60 °C. The understanding of the coun-
tersolvent electrolyte will provide a guideline for designing the
next-generation electrolytes for high-energy batteries.

2. Results and Discussion

2.1. Physicochemical Properties

Highly fluorinated diluent solvents normally have a high thermal
stability, high oxidation resistance, and high non-flammability,
which will well meet the requirements of high-energy bat-
teries.?*?°] TTE as a kind of hydrofluoroether with a high boiling
point (92 °C) was selected as the countersolvent in this study.
The physical properties of the LiFSI/DMC electrolytes with dif-
ferent salt and countersolvent concentrations are shown in
Figure 1 and Table S1 in the Supporting Information. As shown
in Figure 1, for the LiFSI/DMC electrolyte, viscosity of the elec-
trolyte monotonously increases as the molar ratio of the lithium
salt increases. When the molar ratio of LiFSI to DMC increases
from 1:12 (D1) to 1:1.5 (D7), corresponding to the electrolyte con-
centration increasing from 0.91 to 4.65 mol dm™3, the viscosity of
the electrolyte exponentially increases from 1.49 to 94.26 mPa s.
However, the conductivity first increases from 8 to 12 mS cm™
as the molar ratio of LiFSI/DMC increases from 1:12 (D1) to 1:6
(D3), and then decreases to 2.50 mS cm™! when the LiFSI[/DMC
ratio reaches 1:1.5 (D7). For the LiFSI/DMC/TTE countersolvent
electrolyte, adding TTE countersolvent into LiFSI/DMC electro-
lytes can reduce the concentration and viscosity while maintain
the ionic conductivity. When the molar ratio of LiFS[/DMC/TTE
increases to 1:1.5:1.5 (T3), the viscosity (9.95 mPa s) reduces to
only 1/10 of D7, while the conductivity still maintains a similar
value of 1.70 mS cm ™. As shown in the inset picture in Figure 1,
all the electrolytes on the left-hand side of T3 (includes T3) are
transparent liquid. However, further adding TTE to 1:1:2 (T4)
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leads to the crystallization in the solution due to the countersol-
vent effect of TTE. Upon further increasing the TTE in LiFSI/
DMC/TTE to the molar ratio of 1:1.5:2.5, LiFSI salts will imme-
diately precipitate from the electrolyte and the solution turns
from transparent to muddy (Figure 1). Based on the physical
results, T3 electrolyte (2.27 mol L) was selected as a repre-
sentative countersolvent electrolyte because it is near saturated
while still in a stable liquid state. For comparison, D1 electrolyte
(0.91 mol L), D4 electrolyte (2.41 mol L), and D7 electrolyte
(4.65 mol L) were also investigated.

2.2. Solvation Structure

The structural changes of LiFSI/DMC/TTE electrolytes at dif-
ferent compositions were characterized using Raman spec-
troscopy. As shown in Figure 2a, as the LiFSI concentration
increases (from D1 to D7) in the LiFSI/DMC electrolyte, the
peak of the free DMC molecule at about 913 cm™ (O—CHj;
stretching vibration)2® gradually weakens and eventually dis-
appears at high LiFSI concentrations (D6 and D7). Li*-solvated
DMC peaks (at 931 and 871 cm™) emerge and increase from
D1 to D7 because more DMC molecules are solvated with
Li* ions as the LiFSI concentration increases.'”! Besides, the
increase in the LiFSI concentration also causes the peak shift
from 727 to 747 cm™!, since the association of Li* ions with
FSI™ anions is also increased. For the LiFSI/DMC/TTE electro-
lyte (T3) (Figure 2b), the peak assigned to Li*-coordinated FSI~
(near 750 cm™) shifts to the left, which means that introducing
of TTE countersolvent enhances the coordination strength
between Li* cations and FSI™ anions.

Molecular Dynamics (MD) simulation was performed
to further investigate the solvation structure of electrolytes.
Figure 2c—f shows snapshots of simulated D1, D4, D7, and
T3 electrolytes. The solvents in the first coordinated shell are
depicted by ball and stick model, while the wireframes represent
the free solvent. As the salt concentration increases from D1,
D4, to D7 electrolytes, the proportion of free DMC molecules
in the electrolyte is greatly reduced, and only a small amount
of free DMC molecules (blue wireframes) are present in D7. It
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Figure 1. Concentration, viscosity, and conductivity of LiFSI/DMC/TTE electrolytes at different compositions. The electrolytes show three states:
1) undersaturated electrolytes (blue region); the electrolytes in this region are transparent liquid. 2) Supersaturated electrolytes (yellow region); needle-
like crystals precipitate from the electrolyte after standing for about two weeks. 3) Oversaturated electrolytes (pink region); and the salt precipitates

immediately after adding TTE.
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Figure 2. Raman spectra ofa) DMC and LiFSI/DMC electrolytes at different compositions (D1-D7) and b) TTE, D7, and T3 in the range of 700-975 cm~".

Snapshots of different LiFSI/DMC electrolytes obtained by MD simulation

at 298 K: c) D1, d) D4, e) D7, and f) T3. The Li* ions and their first coor-

dinated shells (within 2.75 A of Li* ions) are presented by ball and stick model, while the wireframes stand for free DMC (blue) and free TTE (green),

respectively.

can be observed that Li*-DMC and Li*-FSI~ are the main inter-
actions in D7, forming a 3D network. The local 3D structure
of the T3 electrolyte is similar to D7 but is divided by TTE into
separate regions. According to the radial distribution function
and coordination numbers of D1, D4, D7, and T3 (Figure S1,
Supporting Information), the O* (O atom from FSI™ anion) and
O = (O atom connected to one C atom in DMC molecule) are
mainly account for the first Li* coordinated shell (2.75 A within
Li* cations). And the N* (N atom from FSI~ anion) and —O—
(O atom from TTE molecule) are mainly exist at about 4 A from
Li* cations, which means they are not directly solvate with Li*
cations. Structures of LiFSI, DMC, and TTE molecules and the
atom charges for the MD simulations are shown in Figure S2
in the Supporting Information. The detailed MD results are
listed in Tables S2 and S3 in the Supporting Information.
According to the statistics of MD simulation, contact ion pairs
(CIPs, FSI™ coordinating 1 Li*) and aggregate clusters (AGGs,
FSI™ coordinating to 2 or more Li*) are dominant in D1, D4,
D7, and T3 electrolytes (Figure S3, Supporting Information). An
increase in salt concentration results in a decrease in the pro-
portion of CIPs and enhanced ion association from AGGs-(])
(FSI” coordinating to 2 Li*) to AGGs-(II) (FSI~ coordinating to
3 Li*). Furthermore, the percentage of AGGs-(III) (FSI™ coordi-
nating to 4 and 5 Li*) is even higher in T3 than that in D7. The
solvation state of Li* ion in different electrolytes was compared
in Figure 3. The results indicate that as the salt concentration
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increases, the proportion of highly FSI™ coordinated Li* cation (Li
coordinated to three or more FSI™ anions) increases (Figure 3a),
and the proportion of highly DMC molecules coordinated
Li* cation (Li coordinated to three or more DMC molecules)
decreases (Figure 3b). Specifically, in D1 and D4 electrolytes,
the Li* mainly coordinate 2 FSI~, while in D7 electrolyte, the
Li* coordinate 3 FSI". Meanwhile, Li*-3 DMC, Li*-2 DMC, and
Li*-DMC structures dominate D1, D4, and D7 electrolytes,
respectively (Figure 3c—e). This is consistent with conventional
understanding of solvation structure and is also mutually vali-
dated by Raman characterization. A further comparison of the
solvated structure of D7 and T3 shows that they generally have a
similar structure, which is mainly Li*-DMC and Li*-3 FSI~ inter-
actions (Figure 3e,f). However, the amount of Li*-4 FSI~ or Li*-5
FSI™ and Li*-0 DMC coordination significantly increases in T3
electrolyte, because the addition of countersolvent will enhance
the association between Li* cations and FSI™ anions, causing the
electrolyte saturated. Therefore, based on the experiment and
calculation, we can obtain a near-saturated electrolyte using the
countersolvent at a relatively low salt concentration.

2.3. Li-Metal Plating/Stripping Cycling CE and Stability

The MD simulation demonstrates that the introduced TTE
alters the Li* coordination shell structure, which will affect

(3 of 9) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Percentage of Li* coordination structure in different electrolytes based on MD simulation. a) Percentage of Li* cations, which coordinate with
different number of FSI™ anions in D1, D4, D7, and T3. b) Percentage of Li* cations, which coordinate with different number of DMC molecules in D1,
D4, D7, and T3. (O = stands for O atoms connected to one C atom in DMC). Major Li* coordination structure in c¢) D1, d) D4, e) D7, and f) T3. Balls
with various colors represent different atoms; color code: red, O; blue, N; yellow, S; cyan, F; magenta, Li.

the formation of SEI and the cycling stability of Li metal. The
CE profiles of Li plating/stripping on Cu measured at a high
current density of 1 mA cm™ and a capacity of 1 mAh cm™
in LiFSI/DMC electrolytes at different compositions without
TTE countersolvent are shown in Figure 4a. The CE increases
with the salt concentration in LiFSI/DMC electrolytes. Specifi-
cally, at a low salt concentration (D1-D4), the CE is still very
low (less than 50%). When the salt concentration increases to
D6, the CE increases to 97% in 15 cycles, but it drops quickly
after that. When the molar ratio of LiFSI to DMC reaches to
1:1.5 (D7), the CE further increases to above 98% in 50 cycles.
Figure 4b compares the Li plating/stripping CE in Li||Cu cells
during long-term cycling in D7, T3, and the conventional 1 m
LiPF¢/EC+DMC (1:1, vol.) electrolytes. The CE in 1 m LiPF4/
EC+DMC fluctuates greatly between 80%-95% and then
drops after 70 cycles with an initial CE less than 90%. The
average CE in D7 electrolyte is 98.3% in initial 200 cycles, but
it begins to decay after 200 cycles. Notably, Li plating/stripping
in T3 electrolyte achieves a high average CE of 98.6% in 400
cycles at a high current density of 1 mA cm™2 and a capacity
of 1 mAh cm™. It is worth noting that a high CE of 99% was
achieved in T3 electrolyte at a current density of 0.2 mA cm™
and a capacity of 1 mAh cm™ (Figure S4, Supporting Infor-
mation). A large overpotential and a high impedance were
observed for Li plating on Cu in 1 m LiPFs/EC+DMC, while
Li plating in T3 and D7 electrolytes show small overpotentials
and low impedances (Figure S5, Supporting Information).
Specifically, the resistance of the Li||Cu cell with 1 m LiPF4/
EC+DMC is 72.5 Q, which is much higher than that of D7
(23.8 Q) and T3 (21.6 Q). It is believed that the robust SEI

Adv. Energy Mater. 2020, 1903568

1903568 (4 of 9)

with low resistance in T3 electrolytes is responsible for the
high CE of Li plating/stripping.'”:?")

The morphology of Li deposition in different electrolytes
was observed by scanning electron microscopy (SEM) images
(Figure 4c—e). A large amount of lithium dendrites can be
observed for lithium deposited in the commercial electrolyte
(Figure 4c), and the lithium dendrites expose a large active
surface to the electrolyte, which cause side reactions between
the lithium metal and the electrolyte, resulting in a low CE.
For comparison, the morphology images of lithium deposition
in D7 and T3 electrolytes show large Li particles with several
micrometers in size. Moreover, the lithium metal particles
formed in T3 electrolyte are larger than that in D7 electrolyte,
leading a small contact area of Li in T3, which is more condu-
cive to reducing side reactions and improving CE. The photos
in the upper right corner of Figure 4c—e show the surface of
Li deposited on Cu foils at 1 mA cm™ and 1 mAh cm™. Due
to side reactions, the surface of Li deposited in 1 m LiPFy/
EC+DMC is black and uneven, while the surfaces of Li depos-
ited in D7 and T3 electrolytes exhibit a metallic luster. More-
over, the surface of Li deposition in T3 electrolyte is smoother
than that in D7, which indicates that the SEI formed in T3 is
compact and can effectively prevent the side reactions between
Li and the electrolyte.

X-ray photoelectron spectroscopy (XPS) analysis was per-
formed to further study the SEI composition of the deposited Li
in different electrolytes (Figure 4f~h). The SEI of the plated Li
on Cu foils after 10 cycles at 1 mA cm™ and 1 mAh cm™ were
characterized. The results of F 1s spectra show that SEI formed
in T3 electrolyte has a stronger LiF peak (684.8 eV) but a weaker

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) CE of Li plating/stripping profiles in LiFSI/DMC electrolytes at different compositions. b) Long-term Li plating/stripping stability in 1 m
LiPFg/EC+DMC, D7, and T3 electrolytes. Morphologies of Li plated on Cu foils in ¢) T m LiPFg/EC+DMC, d) D7, and e) T3. F 1s spectra of SEI after
the 10 cycles in Li||Cu cells with f) 1 m LiPFg/EC+DMC, g) D7, and h) T3 electrolytes, respectively. The current density is 1 mA cm™2 and the capacity

is T mAh cm™2.

S—F peak, compared to the SEI formed in D7. As shown in
Figure S6 in the Supporting Information, the lowest unoccupied
molecular orbital (LUMO) of LiFSI (-0.39 eV) is much lower
than that of TTE (1.19 eV), which indicates that LiFSI is much
easier to reduce than TTE, so LiF is the main reduction product
of LiFSI in T3. The higher LiF content in T3 detected by XPS
indicates that LiFSI is more easily decomposed in T3 than D7
due to the higher association of FSI™ anions with Li* in T3 elec-
trolyte. The solvated FSI™ anions will enter the inner Helmholtz
layer and further decompose when the electrode is polarized, so
that more FSI™ anions are reduced on the Li surface to form an
LiF-rich SEL[*’I The high content of LiF in the SEI is recognized
to be effective to suppress the growth of Li dendrites because its
high interfacial energy, which can accelerate surface diffusion
and accommodate the large volume change of Li metal. In addi-
tion, the high electronic resistance of LiF can prevent electrons
from leaking through the SEI and exhibit a superior stability
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with Li metal. Therefore, the continuous reaction of the electro-
lyte with Li is restrained, sufficiently decreasing the thickness
of Li metal, thus reducing the total Li-ion conduction resistance
of the interface,7?82% which was also proved by the reduced
interfacial resistance in T3 compared with D7 (Figure S5,
Supporting Information). In contrast, for the 1 m LiPFg/
EC+DMC electrolyte, only POF peak at 687.5 eV was detected
in F 1s spectra because large amount of solvents were reduced
along with LiPFg, forming a non-uniform composite SEI.

Li||Li symmetrical cells were used to compare the long-term
cycling stability of Li anode in T3 and 1 m LiPF;/EC+DMC
electrolytes. T3 electrolyte enables a 1000 h stable cycling at
1 mA cm~2 and 1 mAh cm™ with a voltage hysteresis of =38 mV
(Figure S7a, Supporting Information). The electrochemical
impedance spectroscopy (EIS) of Li||Li cells in T3 electrolyte
before and after 100 h cycling both show much lower resist-
ances than those in the commercial electrolyte (Figure S7b,c,

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Cycling performance and b) charge/discharge voltage profiles of Li|NMC622 cells with 1 m LiPFs/EC+DMC, D7, and T3 electrolytes at
0.5 C and 25 °C. c) High-temperature cycling performance with different electrolytes at 0.5 C and 60 °C. d) Rate performance with different electrolytes
at 25 °C. e) Cycling performance with different electrolytes at 2 C and 25 °C. The voltage range of charge and discharge is 2.7-4.6 V. All the cells were
conducted for formation cycles at 0.2 C for one cycle followed by 0.5 C for one cycle.

Supporting Information). Li metal surface after 100 h cycling in
the commercial electrolyte show a crack and loose morphology,
while the morphology of Li metal cycled after 100 h in T3 elec-
trolyte is more flat and dense, owning to the less Li dendrites
deposition (Figure S7d,e, Supporting Information).

2.4. Electrochemical Performance of Li||[NMC622 Cells

The compatibility of the countersolvent electrolyte to the high-
energy LiNij¢Mng,Coy, cathode was also evaluated using
Li|[NMC622 cells. The wide electrochemical windows of D7
and T3 electrolytes tested by using linear sweep voltammetry
(LSV) are up to 5.5 V, which allows the NMC622 cathode to
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be charged to a high cut-off voltage of 4.6 V (Figure S8, Sup-
porting Information). Meanwhile, aluminium current collector
is passivated in T3 electrolyte at 4.6 V (Figure S9, Supporting
Information). Figure 5a shows that the NMC622 cathode in
T3 electrolyte significantly outperforms that in D7 and the
LiPFg-based electrolytes at 0.5 C and 25 °C with the charge/
discharge voltage range of 2.7—4.6 V. In detail, the cell in T3 elec-
trolyte enables a capacity retention of 93.5% after 100 cycles, which
is much better than that in D7 (84.3%) and the LiPF¢-basd elec-
trolyte (71.3%). The average CEs of NMC622 cathodes are 99.4%,
99.2%, and 98.1% for T3, D7, and the LiPF¢-based electrolytes,
respectively. The charge/discharge voltage profiles of the 10th
and 100th cycles in the different electrolytes at 0.5 C and 25 °C
can be seen in Figure 5b. The charge/discharge voltage profiles
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of the first formation cycles at 0.2 C and the second cycles at
0.5 C are provided in Figure S10 in the Supporting Informa-
tion. Since the countersolvent TTE has a high boiling point
(92 °C), the T3 countersolvent electrolyte also supports a good
high-temperature tolerance. As can be seen from Figure 5c,
the capacity of NMC622 cathode in the LiPFg-based electrolyte
deteriorates rapidly during the 100 cycles at 60 °C, leaving only
10.7% of its initial capacity with an average CE of only 94.9%.
In contrast, the capacity of NMC622 in T3 electrolyte still main-
tains 84.6% after 100 cycles with a CE of 99.3%, which is better
than the capacity retention of 78.3% in D7 over 100 cycles. As
shown in Figure 5d, NMC622 cathode in T3 electrolyte also
displays a high rate performance with discharge capacities
of 204 mAh g at 0.2 C, 194 mAh g* at 0.5 C, 188 mAh g ! at
1C,173 mAh gt at 2 C, and 125 mAh gt at 5 C. The excellent
rate performance of NMC622 cathode in T3 electrolyte partially
attributed to its higher Li* transfer number (Figure S11 and
Table S4, Supporting Information). In addition, the superior
wettability of T3 with the separator also contributes to its good
rate performance, which was characterized by the contact angle
tests between the electrolyte and the separator (Figure 6a—c).
The improved wettability between the T3 and the separator may
offer a lower resistance of Li* transference. Figure 5e shows
the cycling performance of the NMC622||Li batteries in dif-
ferent electrolytes at a high rate of 2 C. Only the cell with T3
electrolyte can maintain a stable cycling over 200 cycles at 2 C
with a capacity retention of 80.1% and an average CE of 99.6%
(Figure 5e). These results indicate that the countersolvent elec-
trolyte is effective to improve the electrochemical performance
of NMC622 cathodes.

The whole XPS survey and the atomic concentration on the
surface of cathode materials can be seen in Figure S12a,b in
the Supporting Information. It is clear that the F/C ratio of the
cathode electrolyte interphase (CEI) formed in T3 electrolyte is
higher than that in D7 and the LiPF¢-based electrolyte. The F 1s
spectra in Figure S12c—e in the Supporting Information show
that the CEI formed in T3 electrolyte has a
stronger LiF peak (684.8 V) and S—F&C—F
peak, compared to the CEI formed in D7. a
And only a small amount of LiF peak and
POF&C—F peak are founded in 1 m LiPFy/

EC+DMC. The high F-containing CEI

formed on the NMC622 cathodes in T3 is
more stable at high voltage and is favorable
for suppressing parasitic reactions between
the cathode and the electrolyte, which can
be attributed to a good cycling performance.
Remarkably, T3 electrolyte also has a good
safety, since it is non-flammable. In con-
trast, the commercial and D7 electrolytes are
flammable, making them unsuitable for the
application in future batteries (Figure 6d-f).

3. Conclusion

In summary, the countersolvent is used to
reduce the solvation degree of Li* cations
with solvent molecules and increase the
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binding strength of Li* cations with FSI™ anions. The altered Li*
coordination structure of the countersolvent electrolyte favors
to form an LiF-rich SEI layer on Li metal, which suppresses Li
dendrites and exhibits a high Li plating/stripping CE of >99%.
The symmetric Li||Li cell with the T3 countersolvent electro-
lyte achieves an extremely long-term cycle life of >1000 h at a
current density of 1 mA cm™ and a capacity of 1 mAh cm™.
The use of countersolvent electrolyte made it possible to obtain
stable cycling of Li|[NMC622 batteries under a high cut-off
voltage (4.6 V) at both the room temperature (25 °C) and high
temperature (60 °C).

4. Experimental Section

Electrolytes Preparation: DMC (Sigma—Aldrich, 99.9%) and TTE
(Sinochem Lantian Co., Ltd., 99.9%) were both dried with 4 A molecular
sieves before use. LiFSI (99.9%) was received from Suzhou Yacoo Science
Co., Ltd. and was used as received. The electrolytes were prepared by
mixing LiFSI with DMC and TTE in a glove box filled with argon.

Electrochemical ~Measurements: The cathodes were made up
of LiNiggMng,Cog,0, (NMC622) active material, super P, and
polyvinylidene fluoride with a mass ratio of 9.0:0.5:0.5, and N-methyl-
2-pyrrolidone was applied as the dispersant. The typical weight density
of active materials for an electrode sheet is 8 mg cm™ and the areal
capacity loading is 1.5 mAh cm™. Celgard 3501 separator was used in
this study. Lithium metal was carefully scraped to expose a fresh lithium
surface. The Land test system (CT2001A, Wuhan, China) was used for the
charge and discharge testings with the voltage range of 2.7-4.6 V. LSV
and cyclic voltammetry (CV) were carried out at a scan rate of 5 mV s
The EIS was tested in a frequency range from 10 MHz to 0.1 Hz with
an AC signal amplitude of 5 mV. LSV, CV, and EIS data were collected
on the CHI 660C electrochemical workstation (CH, Shanghai, China). Li*
transference numbers were calculated by the formulas of fii+ = Reell / Roc
through testing the alternating-current (AC) impedance and direct-
current (DC) impedance using symmetric Li||Li cells. AC impedance
(Reen) Was obtained from EIS. And DC impedance (Rpc) was obtained
by carrying out a 10 mV DC polarization to obtain a stable current Ipc
(Roc = Vpc / Ipc)- All the electrochemical measurements were conducted
at 25 °C.

51.8° ‘ ' 32.5°

62.4°

Figure 6. Contact angles between the electrolytes of a) 1 m LiPFg/EC+DMC, b) D7, and ¢) T3
with celgard 3501 separators. Flammability tests of glass fibers saturated with d) 1 m LiPFg/
EC+DMC, e) D7, and f) T3 electrolytes.
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Characterization: The morphology of lithium metal after 10 cycles of
plating and stripping in Li||Cu cells was observed using SEM (HITACHI,
SU8010, Japan). In order to study the composition of the SEI and CEl
on the electrodes, the batteries were disassembled and the electrodes
were washed with DMC in a glove box. The surface composition was
tested by using XPS (PHI Quantro SXM ULVAC-PHI, Japan) with
monochromatic Al Ko radiation at 280 kV, 55eV. The Raman spectra
were measured by using a Raman spectrometer (JY LabRam HR 800,
Horiba Jobin Yvon, France). The wettability of the electrolyte with the
separator was measured using a contact angle measurement (KRUSS
K100 Laboratory Desktop, Kriiss GmbH, Germany). NMR (PFG)
experiments were performed on a 400 MHz NMR spectrometer on
a double resonance probe head equipped with a z-gradient coil of
maximum strength of 55 G cm™". TH, '°F, and ’Li diffusion coefficients
were measured by using a standard stimulated echo pulse sequence,
where the diffusion time (A) and the pulse length (0) were set in
the range of 100-1000 and 4-9 ms, respectively. The signal was
accumulated over 16 transients with 2-5 s recycling delay by varying
the gradient strength up to 16 increments. The diffusion coefficients
were obtained by using Stejkal-Tanner equation plotting the intensity
of NMR peaks against the gradient strength. Al NMR measurements
were performed at room temperature.

Computational Details: MD simulations were performed on the
electrolytes using the Large-scale Atomic/Molecular Massively Parallel
Simulator (http://lammps.sandia.gov.) package.’% General Amber
force fields parametersi®l and AM1-BCC chargesi"*2 were used and
generated by the ANTECHAMBER program in AmberTools for the
solvent molecules.?3l The force field for Li and FSI were taken from
previous publications.?*3’] The electrolyte systems were setup initially
with the salt and solvent molecules distributed in the simulation boxes
using Moltemplate (http://www.moltemplate.org/). The details of the
calculated electrolytes are listed in Tables S2 and in the Supporting
Information. To get the structure of the electrolyte, NPT runs were
first performed at 330 K for 5 ns and then 298 K for 5 ns to ensure the
equilibrium salt dissociation. Then, 10 ns long NVT runs were conducted
and the last 5 ns were used to obtain the structure of electrolyte.
Visualization of the structures is made by using VESTA and VMD
software.37] The electronic structure of LiFSI and TTE are calculated to
compare their reduction stability using Gaussian 09 software package.
The molecular orbital calculations are obtained through the B3LYP/6-
311G** level with SMD implicit solvation model used (¢ = 20) to
describe the solvation effect.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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