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High-voltage lithium metal batteries (LMBs) matched with Ni-rich cathodes can deliver high energy density to
satisfy the rapid development of power battery systems. However, conventional solid electrolyte interphase (SEI)
or cathode electrolyte interphase (CEI) composed of LioCOs, Li2O, LiF and alkyl lithium carbonate cannot meet
the requirements for high-voltage LMBs in terms of stability and mechanical performance. Herein, a sulfolane-
based electrolyte assisted with co-solvent and dual-salt strategies is developed to realize tailored LiF-boride-
sulfide-containing interphases on both electrodes, in which the decomposition product RSOy can combine
various inorganic and organic components. The improved integrity of interphases can mitigate the continuous
decomposition of the electrolyte, thereby promoting uniform and dense lithium deposition and protecting the
structure of cathode materials. Thus, the prepared sulfolane-based electrolyte results in an average Coulombic
efficiency of 99.1% for Li||Cu cells and enables 4.7 V Li||LiNip.gCog.1Mng 102 cells to maintain 80.0% capacity
retention after 200 cycles. Besides, Cu||LiNip gCog.1Mng 10, anode-free cells (3.5 mAh cm’z, capacity retention
of 70.5% after 50 cycles) further confirm the practicality of the prepared electrolyte. This work offers a direct and
efficient method to enhance the integrity and stability of interphases by optimizing the electrolyte composition.

1. Introduction battery system is severely hindered by the instability of the electrode/

electrolyte interphases on both cathode and anode sides. Briefly, the

To develop next-generation battery technologies to meet the
emerging demand for electrochemical energy storage devices with high
energy density, lithium metal batteries (LMBs) have received increasing
attention due to the intrinsic advantages of lithium metal anode (LMA)
in terms of high theoretical specific capacity (3860 mAh g~!) and the
lowest electrochemical potential (—3.040 V versus standard hydrogen
electrode) [1-3]. Theoretically, the higher energy density can be ach-
ieved when LMA is coupled with Ni-rich cathode materials like LiNiy.
CoyMn; xyO2 (NCM, x>=0.8) working under an enhanced voltage range
(>4.6 V versus Li*/Li) [2,4].

Unfortunately, the further practical application of such a promising
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unstable electrochemical interphases are mainly derived from the
continuously reconfigured solid electrolyte interphase (SEI) accompa-
nying the rampant dendrite growth [5-7], the oxidative decomposition
of electrolyte, and the severe destruction of cathode electrolyte inter-
phase (CEI) caused by the uncontrollable reaction between the deli-
thiated cathode and the electrolyte [8-10]. More seriously, these
interfacial issues become much more prominent under the harsh but
practical battery design like high-loading cathode and limited negative
capacity/positive capacity ratio, whereby the cycling stability of LMBs is
greatly deteriorated [11-13]. In a fundamental view, the electrolyte
plays a vital role in the interfacial behavior, which not only serves as an
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ionic link connecting the anode and cathode but also determines the
constituent and property of SEI and CEI originating from their decom-
position products [14-16]. Therefore, the electrochemical performance
of batteries (especially high-voltage LMBs) is closely related to the
electrolyte, and it seems to be a direct and efficient way to establish
stable electrode/electrolyte interphases through the rational regulation
of electrolyte compositions [17-19].

Considering the inevitable and severe oxidative decomposition of the
electrolyte at high voltage, the electrolyte system with high anodic
stability is preferred to resolve the formidable issues of consistent
electrolyte decomposition and to expand the charging potential of NCM
cathodes [2,4,20]. However, conventional carbonate-based electrolytes
with low intrinsic oxidative stability (commonly ~1 mol L' (M) lithium
hexafluorophosphate (LiPF¢) dissolving in a solvent mixture of carbon-
ates) are unable to form stable interphases on the surface of high-voltage
cathodes, resulting in poor cycling stability [21,22]. Gases from oxida-
tive decomposition of the carbonate solvent (e.g., CO2) and decompo-
sition by-products of LiPFg (e.g., HF) can cause damage to the interphase
[23,24], which is required to be suppressed [23,24]. It is not to be
neglected that the stability of the interphase depends on its composition.
The interphase in carbonate-based electrolytes usually contains com-
ponents such as LioCOs3, LizO, LiF and RCO,Li. Among these, LiF, which
can be decomposed by LiPFg, is a common inorganic component with
good electrical insulation performance [15,25], and it has been verified
that LiF-rich CEI can effectively protect the cathode material from
fragmentation [26]. However, its ionic conductivity is low and its flex-
ibility is insufficient. While, it has been reported that the electrolytes
consisting of sulfone compounds can form interfacial components with
high ionic conductivities of sulfur-containing compounds, thereby
effectively reducing the impedance of the interphase and contributing to
the formation of the denser and more stable CEI [27,28]. At the same
time, sulfone-based electrolytes are promising candidates for high-
voltage electrolytes due to their high oxidation resistance, low cost
and non-flammability [29-31]. The high valence sulfur in the sulfone
functional group is not prone to gas generation due to oxidation [29,32].
Nevertheless, the application of sulfone-based electrolytes has been
restricted by their high viscosity and poor compatibility with LMA
[33,34]. Obviously, effective and stable interphases require coordina-
tion between different components, and how to balance the components
needs to be deliberate.

In this work, the stable and robust electrode/electrolyte interphases
are constructed in a sulfolane (TMS)-based electrolyte, whereby the
reversibility of both LMA and high-voltage cathode is enhanced (Fig. 1).
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Based on ensuring the anodic stability of TMS, the composition of the
electrolyte is modulated by co-solvent (fluoroethylene carbonate, FEC
and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether, HFE) and
dual-salt (LiPFg and lithium difluoro(oxalate)borate, LiDFOB) strategies.
The experiment result suggests that optimized LiF-boride-sulfide-
containing interphases are generated, where the sulfur-containing spe-
cies ensure the ionic conductivity and integrity of the interphases. In
such an electrolyte, the reversibility of lithium deposition/stripping is
promoted and the growth of lithium dendrites is effectively inhibited.
Meanwhile, the electrolyte can mitigate the continuous oxidative
decomposition of the electrolyte and protect the structural stability of
the cathode material. Therefore, in the designed TMS-based electrolyte,
the average Coulombic efficiency (CE) of Li||Cu cells is improved to
99.1%, and long-cycle stability with high CE is achieved for both Li||
LiNig gC0p.1Mng 102 (NCM811) cells charged to 4.7 V and Li|
LiNip sMn; 504 (LNMO) cells charged to 4.9 V. Not only that, Cul|
NCMS811 anode-free cells with the tailored electrolyte are stable for 50
cycles with 70.5% capacity retention, which proves its practicability.

2. Experimental section
2.1. Materials

LiPFe, LiDFOB, FEC and HFE were provided by Zhangjiagang Guotai
Huarong New Chemical Materials Co., Ltd. TMS was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. The cathode ma-
terials NCM811 and LNMO were acquired from Beijing Easpring Mate-
rial Technology Co., Ltd. and Hefei Kejing Material Technology Co., Ltd.,
respectively. All the chemicals obtained hadn’t been further purified.

2.2. Preparation of electrolytes and electrodes

The TMS-based electrolytes were formulated by dissolving 1.2 M
LiPFg in different solvents or solvent blends, including TMS (TMS10),
TMS/FEC (9:1 by volume, TF91), TMS/FEC (8:2 by volume, TF82),
TMS/FEC (7:3 by volume, TF73), TMS/HFE (8:2 by volume, TH82),
TMS/FEC/HFE (8:1:1 by volume, TFH811), TMS/FEC/HFE (7:1:2 by
volume, TFH712), TMS/FEC/HFE (6:1:3 by volume, TFH613) and TMS/
FEC/HFE (6:2:2 by volume, TFH622), after which were stirred for 3 h
(h) at room temperature to mix thoroughly. Here, the maximum volume
(vol.) percent of HFE is 30% (Fig. S1). Further, 0.05, 0.1 and 0.15 M
LiDFOB were applied to TFH712 to obtain PD-1, PD-2 and PD-3,
respectively. The carbonate-based electrolyte (301) was prepared by
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Fig. 1. Schematic illustration of interfacial behaviors in Li|[NCM811 charged to 4.7 V using the tailored TMS-based electrolyte.
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dissolving 1.2 M LiPFg in ethylene carbonate/dimethyl carbonate (EC/
DMC, 1:1 by mass). 301 + FEC was obtained by adding 10 wt% FEC into
301. All the above were performed in an argon-filled glovebox.

The LNMO (approximately 3.10 mg cm~2, 0.37 mAh cm™2) and
NCMB811 (approximately 3.27 mg cm™2, 0.68 mAh cm™2) electrodes
were fabricated by casting specific slurry on aluminum (Al) foil followed
by drying at 80 °C in a vacuum oven overnight. The slurry described was
obtained by uniformly dispersing active material, poly-(vinylidene
fluoride) and acetylene black (8:1:1 by mass) in a certain amount of n-
methyl-2-pyrrolidone solvent. After the electrodes had dried suffi-
ciently, they were punched into small pieces of 12 mm diameter. The
high-loading NCM811 electrode is commercial.

2.3. Electrochemical tests

CV tests were operated on a CHI1030C electrochemical workstation
(Chenhua, China) for Li||Cu (0-3 V) and Li||[NCM811 (3-4.7 V) cells
with scan rates of 1 mV s™! and 0.1 mV s, respectively. The linear
scanning voltammetry (LSV) tests at 3.0-5.5 V were run on a CHI660E
electrochemical workstation (Chenhua, China) using Li| |Al cells with a
sweep speed of 1 mV s~'. In Li||Al cells, lithium sheets were the refer-
ence and counter electrode and Al foil was the working electrode.
Chronoamperometry (CA) tests were performed for 10 h using CHI660E
after charging to 4.7 V (or 4.7/4.8/4.9 V) at 0.1 Cin Li|[NCM811 (1 C =
200 mA g~ 1) or Li| [LNMO cells (1 C = 120 mA g~ 1). The EIS of Li||Li and
Li||NCM811cells were measured on a Solartron analytical (England) in
the frequency range of 0.1-10° Hz.

As for Li||Cu cells tests, the method 3 reported by Adama et al. [35]
was used to measure the lithium average CE. The test processes were as
follows: (1) 5 mAh cm 2 lithium was deposited and stripped (to 1 V) on
Cu substrate to pretreat; (2) 5 mAh cm 2 lithium was deposited (Qyy) on
Cu for a working electrode; (3) 1 mAh cm™2 lithium was repeatedly
stripped (Qs) and deposited (Qq) for n cycles (here n = 10); (4) Finally
the residual lithium was completely stripped (Q;) to 1 V. The current
density for all the above steps is 0.5 mA cm™2. The average CE is
calculated by the following formula:

_ nQs + Q.
nQ, +Q,

The Li|[NCM811 (0.5 C charge and 1 C discharge) and Li| |[LNMO (1 C
charge and discharge) cells equipped with lithium sheets (1 mm thick-
ness) were assembled for testing the long-cycle performance, and they
were all cycled at 0.1 C for the first cycle. The Cu||[NCM811 anode-free
cells were assembled using Cu foils and commercial NCM811 electrodes.
The anode-free cell was first activated with 0.1 mA cm ™2, subsequently
cycling with 0.5 mA cm 2 (charging) and 1 mA cm ™2 (discharging). The
Li||Li symmetrical cells were assembled with CR2032 coin-type case,
others were with CR2016 coin-type case. 80 uL of electrolyte was added
to each case and Asahi Kasei separator was used.

CE x 100% (€D)]

2.4. Characterizations

The ionic conductivity of the electrolytes was measured by a DDS-
307A conductivity meter (Leici, China) using a DJS-1C platinum-
bright conductivity electrode (Leici, China). The viscosity of the elec-
trolytes was tested with a VM-10A-L viscometer (CBC, Japan). The
wettability and contact angle tests (JC-2000C1, POWEREACH, China)
were conducted by dropping equal amounts of electrolyte onto the Asahi
Kasei separator. The solvation structure of the electrolytes was charac-
terized by Raman spectra, which were carried out by Micro confocal
Raman spectrometer (Horiba XploRA, France) with a 532 nm laser. X-
ray photoelectron spectroscopy (XPS, Thermo Fisher, America) mea-
surement of the electrodes after 50 cycles was subjected using Escalab
Xi" test device. As for etching, the time is 0 s, 25 s and 75 s, while the
rate is 0.2 nm s~ . The lithium cross-sectional morphology deposited on
the Cu substrate and lithium surface morphology after cycling were
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examined by TM3030 scanning electron microscope (SEM, Hitachi,
Japan); whereas the lithium deposition surface morphology and the
cycled NCM811 cathodes were observed by Gemini500 (Zeiss, Ger-
many) under SE2 mode. Transmission electron microscopy (TEM) im-
ages were gained by JEM2100 equipment (Electronics Co., Ltd., Japan).
Atomic force microscope (AFM, Oxford Instruments, China) was used to
examine the cycled NCM811 electrodes. All the tested cells were first
disassembled in an argon-filled glove box. Afterward, the electrodes
were rinsed with pure DMC solvent to remove residual electrolytes and
finally dried for subsequent characterization.

3. Results and discussion

Initially, the effect of the co-solvent on the physical properties of the
TMS-based electrolytes was investigated by the viscosity and ionic
conductivity of the electrolytes at ambient temperature (Fig. S2). Owing
to the high viscosity of TMS, the viscosity of TMS10 is as high as 63.6
mPa s. Apparently, the introduction of HFE diminishes the viscosity of
the TMS-based electrolytes. Meanwhile, although HFE hardly dissolves
the lithium salt, its presence has almost no side effect on the ionic
conductivity of the electrolytes, in which TFH613 has a relative increase
in conductivity due to the reduction in viscosity. The presence of FEC
increases the ionic conductivity of the electrolytes. Not only that, the
poor wettability between TMS-based electrolytes and the separator is
also solved by the addition of HFE. Even though the concentration of
electrolytes is only 1.2 M, neither TMS10 nor TF91 can effectively wet
the Asahi Kasei separator (Fig. S3), and the contact angle of TMS10 is
quite large (94.4°, Fig. S4). In comparison, due to the low viscosity and
low surface tension of HFE, the HFE-containing electrolyte can penetrate
the separator easily [34,36]. The incorporation of co-solvent can solve
the high viscosity of the TMS-based electrolytes and the poor wettability
with the separator.

3.1. Reversibility and characterization of LMA

The compatibility of TMS-based electrolytes with LMA was evalu-
ated by CE tests of Li||Cu cells. As expected, Li||Cu cells with TMS10
exhibit extremely poor stability, which is due to the vigorous side re-
action between TMS10 and LMA (Fig. S5a and d) [37]. For comparison,
the initial CE (ICE) of Li||Cu cells in TF91 is improved to 96.5%, and the
lithium initial nucleation overpotential is reduced from 270.1 mV to
74.1 mV while the deposition/stripping curve becomes stable (Fig. 2b
and c, Fig. S5b and e). However, there is a significant increase in voltage
polarization. Worse still, micro-short circuits appear during the last
stripping (Fig. S5e and S6) [38]. Encouragingly, the average CE of Li||Cu
cells exceeds 97.0% in the HFE-containing electrolytes (Fig. 2a),
accompanied by flatter polarization voltages without significant in-
crease during cycling (Fig. S7). With the vol.% (HFE) increases, the
average CE of Li||Cu cells first increases and then decreases (Fig. 2a). As
displayed in Fig. 2a and b, a high average CE of 98.6% is achieved in
TFH712, while the initial nucleation overpotential is reduced to 59.2 mV
and the ICE is improved to 97.1%. Furthermore, the ratio of FEC is
reconfirmed. When vol.% (FEC) increases (in TF82, TF73), the micro-
short circuit still occurs (Fig. S8a and b). At the same time, the
average CE of Li||Cu cells do not obtain a distinct raise in TFH622
(Fig. S8c), so the vol.% (FEC) of 10% is chosen. It must be mentioned
that in TMS-based electrolytes mixed with only FEC (in TF91) or HFE (in
TH82), the lithium dendrite growth cannot be well suppressed, as re-
flected by the severe fluctuations in the voltage-time curves and the
micro-short circuit (Fig. S6 and S9). It suggests that the side reactions
between TMS-based electrolytes and LMA are better alleviated by the
synergistic effect of FEC and HFE, as will be discussed later.

An electrolyte with excellent performance often requires the coor-
dination of multiple components, so the electrode/electrolyte in-
terphases are further optimized to enhance the performance of high-
voltage LMBs [23,39]. As shown in Fig. S10, LiDFOB, which can be
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Fig. 2. (a) Voltage-time curves of Li||Cu cells in the electrolytes with different volume percents of HFE, the inset is an enlarged view of the later curve. (b)
Comparison of ICE and initial nucleation overpotential. (c) The lithium deposition curves of Li||Cu cells with different electrolytes, where the difference between the
lowest point and the stable voltage plateau of the voltage curve is used to calculate the initial nucleation overpotential. The inset is an enlarged view of the initial
curve. (d) Voltage-time curves of Li||Cu cells in TFH712 and PD-2. (e) Long-term cycle performances of Li||Li symmetrical cells using different electrolytes at 0.5 mA

em 2 and 1 mAh em ™2,

preferentially decomposed at the electrode surface to generate favorable
components [40,41], is added to TFH712. The average CE reaches
99.1% in PD-2 and PD-3, which is at a higher level than those reported
sulfone-based electrolytes (Table S1). PD-2 is selected due to the higher
ICE (98.2%).

Li||Li symmetric cells were also assembled using different electro-
lytes and then tested for long-term cyclability. The results are displayed
in Fig. 2e and Fig. S11. The cells using TMS10 have large polarization
voltages (~200 mV) and demonstrate significant voltage fluctuation
after 130 h, followed by rapid failure. It illustrates that TMS10 cannot be
effective in suppressing interfacial side reactions (Fig. S12a and e). In
the electrolytes containing co-solvent, the performance of Li||Li sym-
metric cells is modified. Meanwhile, the polarization voltage and cycling
performance of the cells using TFH712 are better than TF91, which re-
veals that the lithium deposition/stripping reversibility is better when
FEC and HFE coexist. After adding LiDFOB, the cells in PD-2 can cycle
steadily for 1000 h and maintain a lower polarization voltage, which

indicates that the existence of LiDFOB can promote the formation of a
more stable SEI (Fig. S12d and h). The above results are consistent with
the performance of Li||Cu cells.

EIS of Li||Li symmetric cells with different electrolytes were carried
out to characterize the interfacial resistivity (Fig. S13 and Fig. S14). Itis
generally considered that the semicircle in the high-frequency region
represents the impedance of Li* through the SEI (Rggy) [14]. The lowest
Rggy of 19.9 Q is obtained in PD-2, which demonstrates that the presence
of LiDFOB can contribute to a higher ionic conductivity SEI and thus
enhance lithium deposition/stripping reversibility. Benefiting from the
stable SEI, Li||Li symmetric cells using PD-2 exhibit preferable stability
and lower polarization voltage even at higher current densities
(Fig. S15). Above, the compatibility of TMS-based electrolytes and LMA
is effectively improved through the regulation of electrolyte
components.

As mentioned in the result above, the compatibility of the TMS-based
electrolytes with LMA is enhanced by the synergistic effect of FEC and
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HFE. Comparing the CV curves of Li||Cu cells in TMS10 and TF91, the
appearance of a new peak in TF91 can be attributed to the formation of
SEIL corresponding to the reductive decomposition of FEC (Fig. S16a and
b). Therefore, the film-forming effect of FEC on LMA is clear and
essential (Fig. S5) [42 43], but the role of HFE needs to be delicately
explored. It has been reported that HFE can promote the electrolyte-
separator wettability and thus homogeneous the current density of
lithium deposition [44-46]. However, the test results display that,
although the conductivity and wettability of TFH613 are more dominant
(Fig. S2 and Fig. S3), the performance of Li||Cu cells is not optimal, in
which both ICE and average CE are relatively degraded (Fig. 2a and
Fig. S7). Hence, it is speculated that the role of HFE is not just to improve
wettability. Meanwhile, theoretical calculations (Fig. S17) and the
Raman spectra result (Fig. S18) suggest that there is no significant dif-
ference in the coordination environment of Li* in different electrolytes,
thus ruling out the effect of the change of the solvation structure on the
performance of LMA.

On the other hand, the effect of HFE on the initial nucleation over-
potential is of interest. From the EIS results, the presence of HFE can
significantly reduce the charge transfer impedance, and thus the
nucleation overpotential is reduced (Fig. S13) [47]. The morphology of
lithium deposition in electrolytes with different vol.% (HFE) is con-
trasted. The optical photograph (Fig. 3a) shows that the deposited
lithium with TF91 is uneven distribution and part of the Cu foil is
exposed, which reveals a spotty deposition morphology. By contrast,
when HFE is mixed in, a uniformly distributed deposited lithium is
formed, almost covering the Cu foil (Fig. 3b, Fig. S19b and c). According
to the classical nucleation theory, the particle size of deposited lithium is
inversely proportional to the overpotential, and the morphology of
initially deposited lithium is conducive to the subsequent deposition
process [48,49]. Thus, the SEM images of the deposited lithium were
compared. The HFE-containing TMS-based electrolytes result in more
dense and uniform deposited lithium in comparison with TF91 (Fig. 3d
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and e, Fig. S19e and f). Meanwhile, relatively large particles are ob-
tained using TFH712 (with an initial nucleation overpotential of 59.2
mV). However, as the vol.% (HFE) continues to increase, the initial
nucleation overpotential increases to 122.1 mV (TFH613, Fig. 2¢). At the
same time, the deposited lithium particles become smaller and less
dense but are still uniformly distributed (Fig. S19f). From this, it’s
concluded that an appropriate proportion of HFE can reduce the initial
nucleation overpotential, thereby synergizing with FEC for regulating
the lithium deposition process and hindering the vigorous reaction of
TMS with LMA.

While compared with TFH712, larger and denser deposited lithium is
obtained in PD-2 with a thickness of only 26 pm (Fig. 3f and i). The
deposited lithium in this form can dramatically reduce the reactive
surface area and inhibit the formation of dendritic lithium, thereby
significantly improving the cycling stability of lithium deposition/
stripping.

Necessarily, the composition of SEI in different electrolytes was
characterized by XPS tests (Fig. 4). As shown in the C 1s and O 1s
spectra, C-C/C-H (284.8 eV, C 1s), C-O (286.6 eV, C 1s and 530.8 eV, O
1s), C=0 (288.2 eV, C 1 s), O-C=0 (533 eV, O 1s) species mainly
produced by solvent decomposition are detected, and these organic
components can cope with the volume change of SEI during cycling but
have poor mechanical properties. As for the F 1s spectrum, the inorganic
component LiF (684.9 eV, F 1s) is present in the SEI films of all elec-
trolytes, which is derived from the decomposition of LiPFg or FEC. LiF
has good electronic insulation and mechanical properties and has been
shown to inhibit lithium dendrite growth, but its ionic conductivity is
insufficient. In addition, the decomposition products of LiPFg can react
with traces of water to produce the harmful gas HF [24,50]. The S 2p
spectrum shows that all electrolytes contain sulfur-containing species
such as RSO3 (168.6 eV, 169.7 eV) and RSO, (166.5 eV, 167.7 eV),
which are generated by TMS decomposition and have high ionic con-
ductivity [51,52] (Fig. 4d). However, it is not negligible that excessive

TFH712

37 uym |
v m“‘i;gul;» i

Fig. 3. Optical and top-view SEM images of deposited lithium on Cu substrate in Li||Cu cells using different electrolytes, at a current density of 0.5 mA cm? with a
deposition capacity of 5 mAh cm? lithium: (a, d) TF91, (b, €) TFH712 and (c, f) PD-2. The cross-sectional SEM images of deposited lithium of (g) TF91, (h) TFH712

and (i) PD-2.
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decomposition of the electrolyte components is detrimental to the sta-
bility of SEI. In the presence of LiDFOB, the intensity of LiF and sulfur-
containing compounds peaks is significantly reduced, which indicates
that the decomposition of LiPFs and TMS greatly suppressed in PD-2.
The attenuated Li,POyF, peak also proves the reduction of LiPFg
decomposition (686.6 €V, F 1s; 133.4 eV; P 2p in Fig. S20). Meanwhile,
favorable B-containing components such as B-F (194.0 eV, B 1s) and B-O
(192.6 eV, B 1s) are generated (Fig. S16d and S21), which can induce
denser lithium deposition to reduce the reactive area. Notably, the
decomposition of LIiDFOB can contribute a certain amount of LiF, but the
intensity of LiF species peak is significantly reduced due to the inhibition
of LiPF¢ decomposition [53]. In short, through the modulation of elec-
trolyte components, LiF-boride-sulfide-containing SEI is constructed in
PD-2 to reduce excessive electrolyte decomposition and promote dense
and uniform lithium deposition, thereby effectively improving the
reversibility of LMA.

3.2. Electrochemical performance and characterization of high-voltage
LMBs

According to the results of the LSV test, the oxidation potential of
these TMS-based electrolytes all exceed 5.0 V, demonstrating their
promising oxidation resistance (Fig. S22). To investigate their stability
in high-voltage LMBs, Li||[NCM811 cells at a charge cut-off voltage of
4.7 V were tested. It can be seen that PD-2 has a lower static leakage
current than the others, which indicates that a more stable CEI layer can
be formed in it, thereby slowing down the parasitic reaction (Fig. S23).
Before cycling, CV tests using different electrolytes were performed to
investigate the cathode stability in Li||[NCM811 cells (Fig. S24). The
redox peak patterns of these four electrolytes were similar in the first
cycle. And all electrolytes exhibit three pairs of redox peaks, which
structurally represent the phase transition process of H1-M—H2-H3
[54].

The long-cycling test results are shown in Fig. 5a-f. During the first
cycle at 0.1 C, Li||[NCM811 cells using TMS10, TF91, TFH712 and PD-2
exhibit similar initial lithiation/delithiation curves with ICEs of 88.8%,
88.9%, 89.4% and 90.3%, respectively, in which the highest discharge
specific capacity of 234.1 mAh g! is released in PD-2. As shown in
Fig. 5a, Li|[NCM811 cells with PD-2 exhibit good stability, which have a
first discharge specific capacity of 212.0 mAh g™! at 1 C, and the ca-
pacity retention of the cells after 200 cycles is 80.0% with a high average
CE of 99.7%. In contrast, Li||[NCM811 cells using TMS10, TF91 and
TFH712 present relatively poor cycling stability, with capacity re-
tentions of 67.3%, 71.8% and 74.6% after 200 cycles, respectively. Even
so, the high-voltage cycle stability of TMS-based electrolytes is still
better than that of carbonate-based electrolytes (Fig. S25). Not only that,
Li||[NCM811 cells in PD-2 can maintain a higher and more stable average
discharge voltage during cycling (Fig. 5f), and exhibit an excellent rate
performance releasing a discharge specific capacity of 184.8 mAh g~!
(77.8% of 0.1 C) at 5 C (Fig. 5g). Specifically, the TMS-based electrolyte
optimized in this work demonstrates good long-cycle performance in
high-voltage LMBs (charging voltage >4.5 V versus Li*/Li) compared to
other reported works (Fig. 5h).

The high-voltage performance of TMS-based electrolytes was also
tested in 4.9 V Li||LNMO cells (Fig. S26-530). Compared with TF91, Li||
LNMO cells using TFH712 and PD-2 have better cycling stability, with
80.1% and 98.0% capacity retention after 500 cycles, respectively. Not
only that, the discharge specific capacity of PD-2 can still maintain
90.0% of the highest discharge specific capacity after 700 cycles,
showing excellent high-voltage and long-cycle stability (Fig. S29).
Notably, Li||LNMO cells in TMS10 exhibit severe overcharge with a low
CE, which is inconsistent with its high electrochemical oxidation resis-
tance (Fig. S28a and S30). From the CA test of Li||[LNMO cells, it’s
suggested that the reason may be that the CEI formed in TMS10 cannot
effectively solve the interfacial instability problem at higher voltage
(Fig. S31) [55]. Thus, although the four electrolytes have comparable
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oxidation resistance, their electrochemical stability in the high-voltage
LMBs system differs considerably, which is closely related to the prop-
erties of the electrode/electrolyte interphases.

Therefore, to deeply understand the performance difference of
different electrolytes on high-voltage LMBs, TEM, XPS, SEM and AFM
tests were used to investigate the NCM811 cathodes after 50 cycles.
Compared with the other electrolytes, thin (~ 4.5 nm) and uniform CEI
is obtained in PD-2, indicating less destruction/reconstruction of CEI
during cycling, which can protect the cathode well (Fig. 6a-d). Ac-
cording to the XPS results of different sputtering times, the CEI gener-
ated by PD-2 has sulfur-containing species with high ionic conductivity
[56,57] (Fig. S32), along with LiF (685.7 eV, F 1 s), B-F (193.7 eV, B 1s)
and B-O (191.3 eV, B 1 s) species (Fig. 6e-g). At the same time, the peak
intensities of LiF and LiyPFy (689.2 eV, F 1 s) are reduced in PD-2
compared with TFH712, suggesting that the addition of LiDFOB in-
hibits the decomposition of LiPFg and consequently mitigates the HF
attack (Fig. S33c) [50,58].

The elastic modulus of CEI films after cycling in the different elec-
trolytes was measured using AFM (Fig. S34). Compared to carbonate-
based electrolytes the CEI film in TMS-based electrolytes (TFH712 and
PD-2) has a more uniform and high elastic modulus, which indicates its
higher mechanical strength. Although the interphase of 301 + FEC and
TFH712 contains organic and inorganic components such as LiF, Li;O
and RCO.Li [50] (Fig. S33), the mechanical strength of the CEI film
increases due to the presence of RSOy in TFH712. In other words, RSOy
may be able to tightly combine the organic and inorganic components,
thus improving the integrity and mechanical strength of the interphases.
Meanwhile, the addition of LiDFOB can introduce B-containing species
that contribute to the mechanical strength of CEI films.

Summarily, a robust and uniform CEI can be formed in PD-2 by
adjusting the electrolyte composition, thereby reducing the excess
decomposition of the electrolyte, effectively protecting the structure of
the cathode material under high-voltage (Fig. 6h and i), and improving
the long-cycle performance.

Considering the favorable compatibility of PD-2 with LMA and high-
voltage cathode (Fig. 7a), Cu||[NCM811 anode-free cells were investi-
gated at a charge cut-off voltage of 4.7 V. Under such harsh conditions,
the cycling stability is greatly limited by the reversibility of the lithium
deposition/stripping and side reactions at the electrode/electrolyte in-
terphases [12,13,59]. 301 + FEC is chosen as the comparison sample,
which can generate LiF-rich but RSOy-free interphases (Fig. S35). The
results are shown in Fig. 7b-d and Fig. S36. In 301 + FEC, the capacity of
the cells decays with low CE as the voltage polarization increases,
probably due to the rapid consumption of active lithium during cycling.
Compared with the carbonate-based electrolyte without RSOy, the per-
formance of Cu||NCMS811 cells in THF712 and PD-2 is advantageous
(Fig. S36). And the performance of anode-free cells in PD-2 is signifi-
cantly improved with a capacity retention of 70.5% after 50 cycles and a
lithium consumption of only 0.7% per cycle (Fig. 7b and c). These results
demonstrate the potential of PD-2 for high-energy—density battery sys-
tem applications.

4. Conclusion

In summary, high-voltage LMBs with excellent performance have
been realized by a TMS-based electrolyte. The LiF-boride-sulfide-
containing electrode/electrolyte interphases are constructed via elec-
trolyte components regulation, in which RSOy can combine various
inorganic and organic components to enhance the mechanical strength
of interphases. Taking advantage of the synergistic effects of FEC and
HFE, the reversibility of lithium deposition/stripping is significantly
enhanced, while the excessive decomposition of LiPFg is suppressed by
LiDFOB. As a result, the growth of lithium dendrites is restrained due to
the stable SEI and the lithium average CE is improved to 99.1%.
Meanwhile, the continuous side reaction between the electrolyte and the
cathode is inhibited by the uniform and robust CEI, thus enabling the
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stable cycling of high-voltage LMBs. In addition, a Li loss rate of only
0.7% for each cycle is achieved in Cu||NCM811 anode-free cells under
harsh but practical conditions. This work provides an economical and
attractive way to design functional electrolytes for high-voltage LMBs
and a reference for exploring the role of fluorinated ether solvents for
LMA.
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