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Revealing the Anion—Solvent Interaction for Ultralow

Temperature Lithium Metal Batteries

Jijian Xu,* Volodymyr Koverga, An Phan, Ai min Li, Nan Zhang, Minsung Baek,
Chamithri Jayawardana, Brett L. Lucht, Anh T. Ngo,* and Chunsheng Wang*

Anion solvation in electrolytes can largely change the electrochemical
performance of the electrolytes, yet has been rarely investigated. Herein, three
anions of bis(trifluoromethanesulfonyl)imide (TFSI), bis(fluorosulfonyl)imide
(FSI), and derived asymmetric
(fluorosulfonyl)(trifluoro-methanesulfonyl)imide (FTFSI) are systematically
examined in a weakly Li* cation solvating solvent of bis(3-fluoropropyl)ether
(BFPE). In-situ liquid secondary ion mass spectrometry demonstrates that
FTFSI~ and FSI~ anions are associated with BFPE solvent, while weak

TFSI~ /BFPE cluster signals are detected. Molecular modeling further reveals
that the anion—solvent interaction is accompanied by the formation of
H-bonding-like interactions. Anion solvation enhances the Li* cation transfer
number and reduces the organic component in solid electrolyte interphase,
which enhances the Li plating/stripping Coulombic efficiency at a low
temperature of —30 °C from 42.4% in TFSI-based electrolytes to 98.7% in

1.5 M LiFTFSI and 97.9% in LiFSI-BFPE electrolytes. The anion—solvent
interactions, especially asymmetric anion solvation also accelerate the Li*
desolvation kinetics. The 1.5 m LiFTFSI-BFPE electrolyte with strong
anion—solvent interaction enables LiNiy ;Mn, ;Co, ; O, (NMC811)||Li (20 um)
full cell with stable cyclability even under —40 °C, retaining over 92% of initial
capacity (115 mAh g=', after 100 cycles). The anion—solvent interactions
insights allow to rational design the electrolyte for lithium metal batteries and
beyond to achieve high performance.

The temperature-abuse tolerance of lithium
metal batteries is urgently needed for elec-
tric vehicles or large-scale energy storage
technologies, especially under the extreme
condition of low temperatures.l?l Commer-
cial carbonate-based electrolytes are in-
capable of low-temperature operation be-
low —20 °C, confronting freezing issues
and resultant sluggish ion transportation
through the interphasial layers.}] Elec-
trolyte is the key to achieving reversible
lithium plating/stripping at ultra-low tem-
peratures (e.g., below —20 °C).[*]

The rational electrolyte design mainly fo-
cuses on tuning the Li* solvation structure
since the solvation structure not only affects
Li* transport in the bulk electrolyte but also
changes the solid—electrolyte interphase
(SEI) composition.l] Li* solvation structure
has been extensively investigated exper-
imentally and theoretically.!®! Recently,
anion-participated solvation structure was
also reported, which can also change
the SEI formation and Li* desolvation
kinetics.l”! However, the anion—solvent in-
teractions are still not fully understood even
in the simplest single-salt, single-solvent
electrolyte system. The anion-solvent
interaction can have several benefits. First,

1. Introduction

The global energy transition is set to push batteries into
broader applications and operation in harsher conditions.!!!

anion-solvent interaction facilitates lithium salt dissociation,
leading to higher ionic conductivity. Second, stronger anion—
solvent interaction limits anionic mobility and enhances the
Li* transference number (t,). Finally, anion-solvent interaction
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Figure 1. Properties of the electrolytes. a) Chemical structures of the TFSI, FSI, FTFSI anions. b) Temperature dependence of the conductivity of LiTFSI,

LiFSI, LiIFTFSI-BFPE electrolytes.

suppresses solvent-reduction and promotes the formation of
anion-derived inorganic-rich SEI, which enhances the Li plat-
ing/stripping Coulombic efficiency (CE).

This work aims to gain insights into the anion-solvent interac-
tions and their effect on low-temperature performance. A group
of electrolytes containing various lithium salts (LiFTFSI, LiFSI,
LiTFSI) and partially fluorinated ether solvent, BFPE, were sys-
tematically investigated. BFPE, with weakly interacting with Li*,
makes the anion solvent more visible. Using both experimen-
tal characterizations and theoretical calculations, we identify that
the distinct anion-solvent interaction in 1.5 m LiFTFSI-BFPE
electrolyte enhanced ionic conductivity and improved lithium
metal performance at a low temperature of <—30 °C. 1.5 M
LiFTFSI-BFPE electrolyte enables Li plating/stripping CE at
—30 °C to reach a record-high value of 98.7%, and 2.0 mAh cm~?
NMC811||Li (2% excess) full cells to charge/discharge at an ultra-
low temperature of —40 °C and deliver a high reversible capacity
of 115 mAh g~! with negligible capacity decay over 100 cycles.

2. Results and Discussion

2.1. Physicochemical Properties and Solvation Structure

To investigate the anion-solvent interaction, three rep-
resentative anions of Dbis(trifluoromethanesulfonyl)imide
(TESI), bis(fluorosulfonyl)imide (FSI), and asymmetric
(fluorosulfonyl)(trifluoro-methanesulfonyl)imide (FTFSI) with
similar dissociation energies for Li*-FTFSI-, Li*-TFSI", and
Lit-FSI™ were systematically examined.[®! The anion solvation
of other asymmetric anions remains to be explored. As shown
in Figure 1a, the FTFSI anion is an asymmetrical hybrid be-
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tween the TFSI and FSI anions. LIFTFSI-BFPE electrolyte has
a higher Li-ion conductivity than that of LiFSI or LiTFSI-BFPE
electrolytes over the whole temperature range between —60 and
+20 °C due to its asymmetry (Figure 1b). At 20 °C the elec-
trolytes containing LiFTFSI and LiFSI possess comparable ionic
conductivity, which is consistent with the results reported in the
literature.?) When the temperature drops, for example, to -60°C,
LiFTFSI-containing electrolyte has a higher ionic conductivity
of 0.021 mS/cm compared to 0.010 mS/cm for LiFSI-BFPE
electrolyte, not to mention the LiTFSI-BFPE electrolyte. Spe-
cific conductivity values are listed in Table S1. The enhanced
conductivity could originate from the anion—solvent interaction
which facilitates the salt dissociation. The thermal behavior of
electrolytes with LiTFSI, LiFSI, and LiFTFSI in BFPE solvent
was investigated by using scanning calorimetry (DSC), which
indicated no crystallization or melting (Figure S1, Supporting
Information). Note that LiFTFSI possesses the lowest melting
point among various lithium salts, as summarized in Table S2
(Supporting Information), despite that the dissociation energies
are found to be similar for Li*-FTFSI~, Li*-TFSI", and Li*-FSI".

The strong interaction between FTFSI anion and BFPE solvent
was identified using F NMR signals of different electrolytes,
which show an upfield shift in the sequence of TFSI-BFPE <
FSI-BFPE < FTFSI-BFPE (Figure 2a). The role of anions was
further investigated using attenuated total reflection-Fourier
transform infrared (ATR-FTIR) spectroscopy. As presented in
Figure 2D, the characteristic peaks of the C—O—C bond in free
BFPE are located at 1120, 1052, 1008, and 949 cm~! (Ash line).
Meanwhile, double peaks observed in the region of 1300-1400
cm™! are designated as -SO, stretching of lithium salts.*")
Interestingly, new peaks around 830 cm™! arise for FTFSI-BFPE
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Figure 2. Anion—solvent interactions. | a) summary of A5 ('*F NMR spectra of BFPE solvent) in LiTFSI, LiFSI, LIFTFSI-BFPE electrolytes. b) ATR-FTIR
spectra of the electrolytes and bare BFPE solvent. Green zone: -SO, vibration, orange zone: C-O-C stretch. ¢) Schematic setup of an in-situ liquid SIMS
cell assembled by silicon support grids with silicon nitride membranes. A ~1 um diameter hole was then pouched by a focused ion beam during the
in-situ SIMS analysis. d) Depth profiles and e) mass spectra of 0.5 M LiFSI+0.5 M LiFTFSI+0.5 M LiTFSI in BFPE electrolytes in the negative ion mode.
For about 50 s, the Si;N, film is penetrated and exposes the electrolyte within the cell.

and FSI-BFPE electrolytes that were outlined by the red dashed
line and the arrow, indicating the anion—solvent interaction. The
anion—solvent interaction limit anionic mobility and enhances
the Li* transference number (t,). As a result, high t, (0.86 for
FTFSI-BFPE, and 0.83 for FSI-BFPE) are obtained as presented
in Figure S2 (Supporting Information).

The anion—solvent interactions were also investigated by us-
ing in-situ liquid secondary ion mass spectrometry (SIMS). All
three anions of FTFSI, FSI, and TFSI were dissolved at the
same concentration of 0.5 M in BFPE solvent. As illustrated
in Figure 2c, operand analysis of liquid electrolytes is feasi-
ble by drilling a small hole so that a probing primary beam
can interact with the electrolyte.[!!] The depth profiles of rep-
resentative [solvent-anion] clusters are shown in Figure 2d.
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[BFPE-FTFSI]~, [BFPE-FSI|", and [BFPE-TFSI|~ signals were
detected immediately following the Si;N, film was sputtered
through (x50 s), suggesting that anions form an association with
BFPE solvent. The intensity of the peaks increases from [BFPE-
TFSI]™ to [BFPE-FSI|~ to [BFPE-FTFSI|", indicating the inter-
action between the anion and BFPE solvent becomes stronger
and stronger. At 100 s, when the signals became relatively sta-
ble, mass spectra were retracted, as presented in Figure 2e.
O~ and F~ peaks dominate the spectra, which may come from
the damaged lithium salts and BFPE solvent. More importantly,
the solvated anion peaks, namely, [BFPE-TESI|” (m/z = 418),
[BFPE-FSI| (m/z = 318), and [BFPE-FTFSI]~ (m/z = 468) were
clearly observed. The intensity of [BFPE-FTESI]™ is higher than
[BFPE-FSI|™ and both are almost one order of magnitude higher
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Figure 3. Anion-solvent interactions via simulations. | a—c) Snapshots of the 1.5 M LiFSI- (a), LiFTFSI- (b), and LiTFSI-based (c) BFPE electrolytes
equilibrated by means of AIMD simulation at 298 K. Color codding of the elements: gray — C, red — O, lime — F, yellow — S, blue — N and violet — Li
atoms (H atoms are hidden for clarity). d—i) lon-molecular interactions between solvent molecules, comprising H-bonding distances based on HeesO
(d—f) and HeseF (g—i) atom pairs of BFPE and FSI~ (d,g), FTFSI~ (e,h) and TFSI~ (f,i) and corresponding H-bonding angles, C—HeesF and C—HeseO,
represented in terms of combined radial/angular distribution function for the first nearest neighboring site, in 1.5 M LiFSI/FTFSI/TFSI-based BFPE
system analyzed employing AIMD simulation at 298 K. For dashed vertical and horizontal lines stands for the average H-bonding distance and angle,

respectively, analyzed at 298 (red) and 233 K (blue) using classical MD simulation.

than that of [BFPE-TFSI]”, confirming stronger BFPE-FTFSI
interaction.

Molecular modeling, particularly ab initio (AIMD) and clas-
sical molecular dynamics (MD), was employed to understand
anion-solvent interaction at the ion-molecular level. Repre-
sentative snapshots of LiFSI-BFPE (Figure 3a), LiFTFSI-BFPE
(Figure 3b), and LiTFSI-BFPE (Figure 3c) indicate that BFPE
solvent mainly coordinated by the F atom concerning the Li*
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cation. Detailed Li coordination statistics suggest the Li coordi-
nation ability in the order of TFSI~ > FTFSI~ > FSI~ (Figure
S3, Supporting Information). In addition to Li* cation solvation,
anion solvation is also observed. An in-depth analysis of AIMD
simulations confirms that the FSI~ and FTFSI~ anions have
high interaction with the solvent. As shown in Figure 3g—i,
the strength of anion—solvent interactions is accompanied by
the formation of H-bonding-like interactions between H and

© 2023 Wiley-VCH GmbH

85UB01 7 SUOLUIOD dA1IE.D) 9|qedljdde ayy Aq peusenob aJe sooiLe O '8sn Jo 9Nl Joj Aleid1TauIUQ AB]1/W UO (SUONIPUOD-PUe-SWIRILI0D" A8 | IM Alelq1joul [Uo//:Sdny) SUONIPUOD pue sWie | 8y} 88s *[£202/2T/20] Uo Ariqiaulluo Ao ‘puelkiew JO AIsAIUN AQ Z9790£Z0Z eWPe/Z00T OT/I0p/ioo"Aa| 1M Alelq jeuluoy//:sdny Wwoj papeo|umod ‘0 ‘G60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
1 e— | —— R e | 1
| i t TFSI@-30 °C :
] 80 FTFSI@'30 °C 1! 80 FS]@‘30 °C i1 80} Average CE:46.4% ]
I ” 0, 1 o 0, i R a A 1
I S 60 Average CE:98.7% I E 60 Average CE:97.9% iz 60| oa oY :
jres - < < l, = Pl &A Vo 1

w w AL

:Q 40 :: S 40 :: g a0 " IR, :
1 i 1 48 3
.20 T W20 :
! 0 " i i A " 0 " 0 !
: 0 20 40 60 80 100! 0 20 40 60 80 100) o 10 20 30 40|
1 Cycle Number i Cycle Number " Cycle Number 1
! 0.6 1 0.6 !
1 d 1'e 1
1 i —// 1
1 i
03 } o 03— !
12> 1 1
1 |
! % 0.0 AV: 0.41 1 % 0.0} AV: 0.53 :
1= 1= 1
19 R 1! o 1
1> 03 0 oe3p——— s 1
1 1 ]
1 i 2 1 i & i B 2 . 1
! 0.0 0.5 1.0 1! 0.0 0.5 1.0 ! %.0 0.5 1.0 1
: Capacity (mAh/cm?) H Capacity (mAh/cm?) ” Capacity (mAh/cm?) :

e

" 4

Figure 4. Li metal plating/stripping efficiency at an ultralow temperature of —30 °C. | a—c) Coulombic efficiency (CE) versus cycle number, and d-f)
selected voltage profiles of the 10th cycle for Li||Cu cells at a current density of 0.25 mA cm~2 using LiFTFSI, LiFSI, and LiTFSI-BFPE electrolytes,
respectively. g—i) Corresponding SEM images of deposited Li on copper foil in different electrolytes.

F. More interestingly, it is found that the temperature effect
is strongly pronounced for both HeeeF and HeesO interactions
between solvent and anion (Figure 3d-i).

The anion-solvent interaction has been directly confirmed by
in situ SIMS. However, it is still relatively weak compared to the
Li*-solvent interaction at room temperature as suggested by sim-
ulation. A typical anion solvation energy in the 20-30 kcal mol~!
range is less than the corresponding Li* solvation energy of
~32 kcal mol=1.'2) The impact of anion—solvent interaction on
the electrochemical performance of Li metal anodes is small at
room temperature. As shown in Figure S4 (Supporting Informa-
tion), the cycling performance of Li plating/stripping in LiFTFSI-
BFPE electrolytes is slightly better than or similar to that in LiFSI-
BFPE electrolytes, but Li CE and overpotential in both electrolytes
are much better than that in LiTFSI-BFPE. Since the reversible
stripping and plating of Li metal anode under low temperatures
is extremely challenging due to the sluggish ion transport, the
benefit of anion-solvent interaction is largely enhanced. The cy-
cling performance of Li metal plating/stripping on a Cu electrode
at a current density of 0.25 mA cm~2 under —30 °C is shown in
Figure 4a—c. The CE of the LiFTFSI-BFPE electrolyte is 96.8%
for the first cycle (Figure 4a), which quickly rises to above 99%
within three cycles, showing superior cycling performance with
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ahigh average CE of 98.7% over 100 cycles. The LiFSI-BFPE elec-
trolyte is slightly worse than the LiFTFSI-BFPE electrolyte, show-
ing a slightly lower average CE of 97.9% (Figure 4b). In sharp
contrast, the average CE of the LiTFSI-BFPE electrolyte dramati-
cally drops to 46.4%, presenting poor cycling performance (<40
cycles, Figure 4c). Moreover, the CEs with LiFTFSI-BFPE elec-
trolyte were tested to be 99.3%, 99.2%, 99.1%, and 98.8% at 25,
0, —20, and —30 °C based on a modified CE measurements pro-
tocol (Figure S5, Supporting Information).!3]

In addition, Li||Cu cell with LiFTFSI-BFPE electrolyte pos-
sesses the lowest overpotential, 410 mV (LiFTFSI-BFPE,
Figure 4d) < 530 mV (LiFSI-BFPE, Figure 4e) << 970 mV
(LiTFSI-BFPE, Figure 4f). The fast reaction kinetics of Li plat-
ing/stripping in LiFTFSI-BFPE electrolyte is attributed to the
high ionic conductivity and LiF-rich SEI in LiFTFSI-BFPE
electrolyte.

To reveal the role of anion-solvent interaction in dictating the
electrochemical properties of Li metal batteries, scanning elec-
tron microscopy (SEM) and X-ray photoelectron spectroscopy
(XPS) of cycled electrodes were performed. Figure 4g—i shows
the morphology of deposited lithium metal on copper foil un-
der —30 °C for LiFTFSI, LiFSI, and LiTFSI-BFPE electrolytes,
respectively. For LiFTFSI-BFPE and LiFSI-BFPE electrolytes,
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Figure5. | Electrochemical performance of full cells. Typical voltage profiles of NMC811 (2.0 mAh cm™2)||Li (20 um, 2 excess) full cells in the electrolytes
of a) LiFTFSI-BFPE, b) LiFSI-BFPE, and c) LiTFSI-BFPE at 0.1 C for charging/discharging under various temperatures. d) Long cycling performance of

NMC811||Li cells in the electrolyte of LIFTFSI_BFPE at 25 and —40 °C.

the surface of deposited lithium is flat. The Li particle size in
LiFTFSI-BFPE is ~10 um (Figure 4g) and ~5 um in LiFSI-BFPE
electrolytes (Figure 4h). In contrast, a large amount of needle-
like and porous dendritic Li is observed for deposited Li in the
LiTFSI-BFPE electrolyte (Figure 4i). The SEM images evidence
that LiFTFSI-BFPE and LiFSI-BFPE electrolytes are beneficial
for forming more dense and compact Li deposits, corresponding
to higher CE for Li plating/stripping.

XPS analysis of Li deposits on copper was further conducted
to investigate the nature of the SEI layers. Figure S6 (Support-
ing Information) summarizes the compositions of the SEI layer
formed in the three electrolytes together with detailed C Is, O
Is, and F Is spectra as a function of different etching times. Ac-
cording to the results, both the SEI formed in LIFTFSI-BFPE and
LiFSI-BFPE electrolytes are inorganic-rich, with LiF and Li,CO,
being the predominant species, while the SEI formed in LiTFSI-
BFPE electrolyte contains more organic contents. As reported,
the SEI layer formed in LiTFSI-based electrolytes is mainly domi-
nated by solvent reduction, resulting in more organic species.*14]
Moreover, the C-F bond in TFSI anion is less vulnerable to re-
duction than the S-F bond in FSI and FTFSI anions,"! which
explains why only a small amount of LiF could be detected on
the SEI layer deriving from LiTFSI-BFPE electrolyte. Simulation
results verify the FTFSI anion promotes a higher rate of decom-
position: FTFSI~ > TFSI~ > FSI~, leading to the formation of
inorganic products like Li,O and LiF in the existence of BFPE
solvent (Figure S7, Supporting Information).

The anodic stabilities of the LiFTFSI, LiFSI, and LiTFSI-BFPE
electrolytes are displayed in Figure S8a (Supporting Informa-
tion), showing low anodic currents of <0.005 mA cm~2 at 4.5 V
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versus Li/Li* for all three electrolytes. The more stringent float-
ing tests confirmed the high stability of the LIFTFSI-BFPE elec-
trolytes at high voltages (Figure S8b, Supporting Information),
suggesting the capability to support high-voltage cathodes such
as LiNij ¢Mn,; Co, 0, (NMC811).1% Accordingly, NMC811 (2.0
mAh ecm™2)||Li (20 pm, 2X excess) full cells were assembled to
illustrate the anion—solvent effect under various temperatures.
As shown in Figure 5a, the cells using LIFTFSI-BFPE electrolyte
deliver 196, 163, 140, and 123 mAh g! (based on the cathode),
when both charged and discharged at 25, —20, —30, and —40 °C.
Slightly lower capacity retention in the LiFSI-BFPE electrolyte is
displayed in Figure 5b, with outputting capacities of 196, 149,
121, and 101 mAh g=' at 25, —20, —30, and —40 °C, respec-
tively. In the case of LiITFSI-BFPE electrolyte, a significant ohmic
polarization was observed with dramatically reduced capacities
(Figure 5c), which is consistent with the ionic conductivity re-
sults and uneven lithium deposition. The relative increase in
low-temperature capacity retention between LiFTFSI-BFPE and
LiFSI-BFPE electrolytes is possibly due to the increased anion—
solvent interaction.

As shown in Figure 5d, the LIFTFSI-BFPE electrolyte can fully
support stable charging/discharging of the NMC811||Li cells in
the voltage range of 2.5-4.3 V at 25 °C. Even when subject to
an ultra-low temperature of —40 °C, it retains over 92% of its
initial capacity over 100 cycles (Figure 5d). More impressively,
NMC811||Li cells were able to charge/discharge at an even lower
temperature of —50 and —60 °C. As shown in Figure S9 (Support-
ing Information), 97.6 mAh g™', and 39.7 mAh g~' charge capac-
ity can be delivered with LiFTFSI-BFPE electrolyte at —50 and
—60 °C, respectively. These full-cell results are consistent with

© 2023 Wiley-VCH GmbH
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the Li||Cu efficiencies and in situ SIMS results, indicating that
electrolytes with strong anion—solvent interaction are suitable for
low-temperature lithium metal batteries.

3. Conclusion

In summary, electrolytes composed of varying lithium salts
(LiFTFSI, LiFSI, LiTFSI) dissolved in a fluorinated BFPE solvent
were systematically studied to probe the effect of anion-solvent
interaction. Through in-situ SIMS, [BFPE-TFSI]~ to [BFPE-FSI]|~
species were directly observed, verifying the interaction between
anion and solvent. Such anion solvation arises from the forma-
tion of both HessF and HeeeO interactions between solvent and
anion, as indicated by molecular modeling. It was found that
only electrolytes with relatively stronger anion—solvent interac-
tion could provide reversible lithium plating/stripping with an
average CE close to 99% at —30 °C. Moreover, 2.0 mAh cm™
NMC811|| Li full cells with 2x excess lithium employing 1.5 M
LiFTFSI-BFPE electrolyte with strong anion—solvent interaction
achieved 100 cycles at an ultra-low temperature of —40 °C with
minimal capacity decay while maintaining 63% of their room
temperature capacity. This work demonstrates that anion—solvent
interaction may be another unexplored area of rational electrolyte
design for lithium metal batteries and beyond.

Supporting Information

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