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Abstract: The combination of Li-metal anode and high-voltage cathode is regarded as a solution for
the next-generation high-energy-density secondary batteries. However, a traditional electrolyte is
either incompatible with the Li-metal anode or vulnerable to high voltage. This work reports a 1 M
dual-salts Localized-High-Concentration-Electrolyte with Fluoroethylene carbonate (FEC) additive.
It enables stable cycling of Li||LiNi0.8Co0.1Mn0.1O2 (NMC811) battery, which shows 81.5% capacity
retention after 300 cycles with a charge/discharge current density of 1 C and a voltage range of
2.7–4.4 V. Scanning electron microscopy (SEM) images show that this electrolyte not only largely
reduced Li dendrites and ‘dead’ Li on anode surface but also well protected the microstructure
of NMC811 cathode. Possible components of both solid-electrolyte interlayer (SEI) and cathode-
electrolyte interlayer (CEI) were characterized by energy-dispersive X-ray spectroscopy (EDX). The
result illustrates that FEC protected Li salts from decomposition on the anode side and suppressed
the decomposition of solvents on the cathode side.

Keywords: dual-salts electrolyte; Li-metal battery; high voltage; SEI; CEI

1. Introduction

Lithium-ion batteries (LIBs) have been the energy boosters of developing electric
vehicles, portable devices, and many other appliances in the past few decades. However,
LIBs are approaching their theoretical limits in energy density (≈350 Wh·kg−1), which
cannot satisfy the increasing need for rapid development of modern society [1–3]. There-
fore, next-generation batteries with high-power, high-energy-density, and fast-charging
capabilities are urgently needed [4].

Lithium metal seems to be the ultimate choice for anode material because of its ultrahigh
theoretical specific capacity (3860 mAh·g−1) and low electrochemical potential (−3.04 V versus
standard hydrogen electrode) [5,6]. On the other side, Ni-rich LiNixMnyCo1−x−yO2 (NMC)
materials are the most promising cathodes because of their high specific capacities, low
costs, and low Co contents [7–10]. For example, LiNi0.6Mn0.2Co0.2O2 (NMC622) exhibits a
specific capacity over 185 mAh·g−1 and that for NMC811 even exceeds 200 mAh·g−1 [11].
Therefore, combining Li and NMC is a good choice for the next-generation battery. How-
ever, there are many challenges for this system. On the anode side, unwanted reactions
between electrolyte and Li metal cause electrolyte decomposition and Li consumption,
resulting in low Coulombic efficiency (CE) and fast capacity loss. Non-uniform deposition
of Li leads to Li dendrites and dead Li, eventually leading to battery failures and even
disasters [12]. On the cathode side, because of the cathode-electrolyte side reactions and
high cutoff voltage, NMC cathodes will go through unfavorable structure changes, such as
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bulk and surface phase transformation [13], transition metal dissolution [14,15], and crack-
ing of secondary particles [16]. Such degradations become more serious with increased Ni
content, especially for NMC811 of commercial interest [17]. There are some strategies to
overcome these challenges, for example, an artificial interlayer between electrode and elec-
trolyte [18], solid-state electrolyte [19], porous current collector [20], and liquid electrolyte
engineering [21]. Among these strategies, liquid electrolyte engineering is very efficient
and fits best with the existing industry.

Traditional commercial carbonate electrolyte is incompatible with Li anode because
of the latter’s extremely high reactivity [22]. Ether-based electrolytes are stable with
Li metal. However, they are unstable with high voltage (>4.0 V) cathodes [23]. It has
been found that high-concentration-electrolyte (HCE) can be compatible with both Li-
metal and high-voltage cathode [24]. Ren et al. demonstrated that highly concentrated
Lithium bis(fluorosulfonyl)imide (LiFSI) in DME can enable Li||LiNi1/3Mn1/3Co1/3O2
(NMC111) battery cycling more than 500 cycles under 4.3 V with 90% capacity retention [25].
Fan et al. demonstrated that 10 M LiFSI in carbonate electrolyte used for Li||NMC622
could bear an ultrahigh cutoff voltage of 4.6 V and showed 86% capacity retention af-
ter 100 cycles [26]. Jiao et al. reported a dual-salts HCE composed of 2 M Lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) and 2 M Lithium difluoro(oxalato)borate (LiD-
FOB) in 1,2-Dimethoxyethane (DME). It was used for Li||NMC111 battery for cycling
with a cutoff voltage of 4.3 V and showed excellent cycling performance with 80% capacity
retention over 500 cycles [27]. However, the high cost, high viscosity, and poor wettability
make HCEs impractical. In order to overcome these disadvantages, researchers used cosol-
vents to dilute HCEs which produce a series of Localized-High-Concentration-Electrolytes
(LHCEs). These cosolvents are normally Fluorinated-ethers which are miscible with organic
solvents but will not coordinate with Li salts [28], for example, Bis(2,2,2-trifluoroethyl)
ether (BTFE) [29], 1,1,2,2-Tetrafluoroethyl-2,2,3,3-Tetrafluoropropyl ether (TTE) [30], and
Tris(2,2,2-trifluoroethyl)orthoformate (TFEO) [31]. Yu et al. reported an electrolyte: 1.2 M
LiFSI in carbonate solvent with BTFE as diluent and 0.15 M LiDFOB as additives [32]. This
electrolyte enabled dendrites-free Li deposition with a high CE of 98.5% for Li||NMC111
battery. Ren et al. used LiFSI in DME with TTE as cosolvent (1: 1.2: 3 in molar ratio) for
Li||NMC811 cell under 2.8–4.4 V. This cell retained over 80% capacity in 150 stable cycles
even though very thin Li anode (50 µm) and lean electrolyte (14 µL) were used [33].

Most of the above-mentioned LHCEs still have concentrations larger than 1 M. To
further explore the practical use of LHCE in high-current-density and high-voltage Li-metal
batteries (LMBs), this paper reports a 1 M LiTFSI-LiDFOB (1:3 in molar ratio) dual-salts
electrolyte with DME as the solvent and TTE as the cosolvent named as T1D3. With T1D3,
Li||NMC811 battery shows improved cycling performance than that with commercial
electrolyte. By further adding 5.5 wt% FEC, the electrolyte named T1D3-5.5 gives an even
better performance in long-term cycling under high current density and high cutoff voltages
of 4.4 and 4.5 V. The electrode/electrolyte interfaces are analyzed for more information
about SEI and CEI.

2. Materials and Methods
2.1. Materials

A commercial cathode sheet was bought from NEI Corporation, consisting of 90%
NMC811, 5% Polyvinylidene difluoride (PVDF), and 5% Carbon Black coated on Al foil. The
areal capacity was ~2.0 mAh·cm−2. The NMC sheet was firstly cut into discs with diameters
of 12 mm and then dried overnight before use. Li foil (>99.9%) with a thickness of 0.75 mm
purchased from Sigma-Aldrich was cut into 14 mm diameter discs. Battery-grade chemicals
were purchased from Sigma-Aldrich as well and used as received, including a commercial
electrolyte: 1 M Lithium hexafluorophosphate (LiPF6) in Ethylene carbonate (EC), Dimethyl
carbonate (DMC), Diethyl carbonate (DEC) (1:1:1 in volume ratio), LiTFSI, LiDFOB, DME,
TTE, and FEC. These chemicals were kept and handled in a glovebox with water and oxygen
contents less than 1 ppm. T1D3 has the composition: 0.25 M LiTFSI + 0.75 M LiDFOB in
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DME:TTE (1:3 in volume ratio). T1D3-5.5 was obtained by adding 5.5 wt% FEC into T1D3.
The selection of a suitable salt ratio is illustrated in Supplementary Information (SI).

2.2. Electrochemical Measurements

All electrochemical measurements were conducted in an MKF120 climate chamber
(Binder, Germany) under 25 ◦C using a VMP3 potentiostat (Biologic Seyssinet-Pariset,
France). Li||NMC811 coin cell (with form factor CR2032) was constructed using an
NMC811 disc as a cathode, a Li metal disc as an anode, two pieces of monolayer polypropy-
lene (PP) separators (Celgard, Charlotte, North Carolina, USA), and the prepared elec-
trolyte (75 µL in each battery). Galvanostatic charge/discharge cycling of Li||NMC811
cell was performed in the voltage range of 2.7–4.4 V and 2.7–4.5 V versus Li/Li+. The
batteries were first cycled at C/10 for two cycles and then at 1 C for subsequent cycling
(1 C = 2.0 mA·cm−2). C-rate tests of Li||NMC811 cells were conducted sequentially under
0.1 C, 0.2 C, 0.5 C 1 C, 2 C, and 0.1 C. Cyclic voltammogram (CV) tests were operated in a
voltage window of 2.7–4.4 V at a scan rate of 0.05 mV·s−1. Electrochemical impedance spec-
troscopy (EIS) tests were conducted at 4.0 V with an amplitude of 10 mV in the frequency
range of 20 kHz−10 mHz. Li||Li cell was constructed using two Li discs as electrodes.
Other parts are the same as in Li||NMC811 cell. It was tested at a high current density of
2.5 mA·cm−2 to a plating/striping capacity of 1 mAh·cm−2.

2.3. Material Characterization

Scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX)
experiments were conducted using a Quanta FEG 650 (FEI) environmental scanning electron
microscope matched with EDAX APEX. All the tests were performed at a voltage of 30 kV.

3. Results and Discussion
3.1. Electrochemical Performance

Figure 1a shows the cycling stability of Li||NMC811 cells under 2.7–4.4 V with
commercial electrolyte T1D3 and T1D3-5.5, respectively. The initial capacity of the cell
with commercial electrolyte at 1 C is 171.4 mAh·g−1. It suffers from rapid capacity loss
after around 75 cycles and only retains 51.5% of its initial capacity after 100 cycles. It also
has the lowest average CE among these three electrolytes, 98.2%, excluding the first three
cycles. The poor performance is due to the incompatibility of carbonate with LMBs, as
mentioned above. Although the cell with T1D3 shows a lower initial capacity in the first
cycle under 1 C, which is 169.5 mAh·g−1, the capacity slowly increases to 186.6 mAh·g−1

after 55 cycles. A similar phenomenon was observed in graphite||LiFePO4 batteries under
high current density [34]. Matthieu et al. attributed this phenomenon to the so-called
‘electrochemical milling’ [35]. During electrochemical milling, moderately cracked cathode
particles provided a larger active surface area and decreased charge transfer resistance
(Rct). The SEM image of the NMC811 surface and the Rct changes, both will be discussed
later, are consistent with this hypothesis. Although the average CE increases to 99.5% after
the first three cycles, after around 65 cycles, the capacity starts to decrease rapidly. This
phenomenon is probably related to the Li-dendrites formation, Li-salt consumption, and
structural degradation of NMC811, which will be discussed in more detail later. T1D3-5.5
shows the best performance among these three electrolytes. Starting with an initial capacity
of 187.2 mAh·g−1, it shows a moderate capacity increasing to 191 mAh·g−1 after 13 cycles.
After 300 cycles, it still has 81.5% of the initial capacity, and no fast capacity loss happened.
The average CE further increased to 99.7%. This outstanding performance improvement
could be attributed to the synergy of FEC with Li salts. Figure 1b–d shows the associated
galvanostatic profiles of Li||NMC811 cells with three different electrolytes. Cell with
commercial electrolyte shows large polarization increasing until early failure. Cell with
T1D3 also shows rapid polarization after 50 cycles, while with T1D3-5.5, the polarization
process is relatively slow throughout the cycling.
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CV curves of Li||NMC811 cells in three electrolytes are shown in Figure 2a–c. With
commercial electrolyte, Figure 2a shows typical CV curves of NMC material. Oxidation
peaks around 3.8 V correspond to the phase transition process from hexagonal-1 (H1) to
monoclinic (M). Oxidation peaks around 4.0 V correspond to the transition from M to
hexagonal-2 (H2). Then H2 transfers to hexagonal-3 (H3) at around 4.2 V [36,37]. Corre-
sponding reduction peaks during the reverse process are also labeled. In the first cycle, the
peak difference between the first oxidation peak and the corresponding reduction peak
is 0.28 V. CV curve of T1D3 (Figure 2b) have a similar shape to commercial electrolyte.
However, in the first cycle, the peak difference between the first oxidation peak and the
corresponding reduction peak is down to 0.23 V. Besides, the overlapping of subsequent
CV curves of T1D3 is better, which indicates better reversibility of Li de/intercalation.
However, the first oxidation peak current density of T1D3 in the first cycle is smaller than
that of commercial electrolyte, which means the kinetic of T1D3 at the early stage is not
so good. After adding FEC, the initial kinetic is improved, which causes higher current
density. In the first cycle, a large oxidation peak centers around 4.05 V. It may come from the
irreversible decomposition of FEC to form stable SEI/CEI, which improves the long-term
cycling performance.

EIS of Li||NMC811 batteries with three different electrolytes were also examined. EIS
curves of fresh Li||NMC811 cells show only one semicircle at high frequency, and a slope
at low frequency (Figure 2d). The semicircle represents the interfacial impedance when Li-
ions pass through the interface between electrolyte and fresh electrode [38]. Cells with T1D3
and T1D3-5.5 have lower impedance than commercial electrolyte, which may be attributed
to their better wettability and stronger reaction activity with the NMC811 cathode. After
2 and 100 cycles, EIS curves show three semicircles. The first and second semicircles at
high and middle frequencies represent the interphase impedance, mainly referring to the
impedance of SEI/CEI (denoted as R1 and R2). The third semicircle at low frequency
represents the charge transfer impedance (Rct) [39]. The impedance values (Table 1) were
calculated by fitting the EIS curves using the equivalent circuits indicated in Figure 2e,f by
Z-view software. Detailed fitting data can be seen in Table S1 in SI. The total impedance
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(Rtotal) of the cell with commercial electrolyte presents a large increase after 100 cycles,
especially the Rct, which may be the reason for the severe specific capacity loss during
cycling. By contrast, the Rtotal of T1D3 and T1D3-5.5 show only little changes. Although
R1 increases and R2 decreases after 100 cycles, the sum of R1 and R2 remains almost the
same. It is worth noting that the Rct of T1D3 decreases. This result is consistent with the
early-stage capacity increasing caused by ‘electrochemical milling’ mentioned above.
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Table 1. EIS fitting data of Li||NMC811 cells in three electrolytes after 2 cycles and 100 cycles.

After 2 Cycles After 100 Cycles

Notation Commercial T1D3 T1D3-5.5 Commercial T1D3 T1D3-5.5

Ro (Ω·cm−2) 2.82 3.64 4.10 16.84 5.58 5.79
R1 (Ω·cm−2) 14.70 8.76 5.92 25.46 10.58 10.15
R2 (Ω·cm−2) 15.47 5.20 5.54 3.25 2.65 2.30

RCT (Ω·cm−2) 4.80 9.53 4.56 28.75 3.03 8.73
Rtotal (Ω·cm−2) 37.78 27.12 20.12 74.30 21.84 26.97

To further demonstrate the superior performance of T1D3-5.5, some electrochemistry
tests were conducted under more harsh conditions, shown in Figure 3. The C-rates test
is shown in Figure 3a. Under current density of 0.1 C, Li||NMC811 gives a maximum
capacity of 207.4 mAh·g−1, 218.7 mAh·g−1 and 218.9 mAh·g−1 with commercial electrolyte,
T1D3 and T1D3-5.5, respectively. As the charge/discharge current density increases, the
capacity decreases. When current rates are under 1 C, cells with T1D3 and T1D3-5.5
show similar discharge capacities, which are higher than that of cell with commercial
electrolyte. When the current density increases to 2 C, a cell with T1D3-5.5 has a capacity
of 162.2 mAh·g−1, that with commercial electrolyte is only 135.2 mAh·g−1. Although cell
with T1D3 still shows 151.5 mAh·g−1 at the first cycle under 2 C, the capacity drops rapidly
to 99.5 mAh·g−1 after only 5 cycles. When the current density declines to 0.1 C again, cells
with T1D3 and T1D3-5.5 show almost full capacity recovery, while that with commercial
electrolyte is around 96%. It can be concluded that the rate performance of Li||NMC811
with T1D3-5.5 is superior to identical cells with commercial electrolyte and T1D3.
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The cycling performance of Li||NMC811 cells with a higher cutoff voltage of 4.5 V
is shown in Figure 3b. Cell with commercial electrolyte gives an initial capacity of
194.5 mAh·g−1 at 1 C. It undergoes fast capacity loss after around 70 cycles and only
has 51.7% capacity retention after 100 cycles with an average CE of 97.9%. Cell with
T1D3 shows better performance, 201.5 mAh·g−1 in the first cycle, and 80% remains after
175 cycles with an average CE of 99.6%. However, after 179 cycles, a sudden capacity drop
followed by fluctuations occurs, indicating battery failure. Cell with T1D3-5.5 still shows
excellent performance. The initial capacity at 1 C is 202.4 mAh·g−1. After 200 cycles, it still
retains 82.8% of its initial capacity. Besides, there is no rapid capacity loss within 300 cycles,
showing an average CE of 99.73%.

Li||Li symmetrical cells with three electrolytes were tested under a high current
density of 2.5 mA·cm−2. As is shown in Figure 3c, a cell with commercial electrolyte
suffers from huge overpotential after 100 h. Cells with T1D3 and T1D3-5.5 show better
Li plating/striping behavior, especially when T1D3-5.5 is used, showing the smallest and
most stable overpotential within 200 h.

3.2. The Anode/Electrolyte Interface

The compatibility of the electrolyte with the anode is a key aspect of long-term cycling
stability [40]. Thus, the morphologies of Li-metal anodes and possible SEI components
after cycling in three electrolytes were characterized by SEM-EDX, shown in Figure 4.

After 100 cycles, there are full of non-uniform needle-like Li dendrites on the Li
surface cycled in the commercial electrolyte (Figure 4a). These Li dendrites could cause
rapid electrolyte decomposition and further Li consumption which is illustrated by the
lower CE. Eventually, these dendrites could lead to battery failure. With T1D3, even
though the Li surface looks denser, the isolated ‘dead Li’ and Li dendrites are still obvious
(Figure 4b). These dendrites could be part of the reason why the battery suffers fast capacity
loss after around 65 cycles. On the contrary, T1D3-5.5 results in the flattest and densest Li
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surface with almost no dendrites (Figure 4c). Therefore, the stability of the Li-metal anode
and the long-term cycling performance of LMB are improved.
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EDX analysis gives the relative content of different elements in SEI, as shown in
Figure 4d. SEI formed in the commercial electrolyte has the highest C content and lowest F
content, which implies that there are many organic species, such as Li2CO3, C=O, C–O, and
–CH2–CH2–O– coming from carbonate decomposition [41], but only a small amount of LiF
from LiPF6. This kind of SEI is too fragile to protect Li from aggressive solvents because it
cannot bear the huge volume changes of the Li anode [42]. Besides, there may also be some
LixPOyFz and LixPFy in this SEI, which is indicated by element P [43].

SEIs formed in T1D3 and T1D3-5.5 both have lower C content and higher F content
compared with the commercial electrolyte. That may contribute to better cycling perfor-
mance. T1D3 has the highest F, B, and S content. That means LiDFOB and LiTFSI are
actively involved in the SEI formation to generate LiF, C-F, and B-F species [27]. After
adding FEC, the content of B and S become lower, and O content becomes higher. That is
probably because of the good film-forming function of FEC. FEC acts as a sacrifice to be
decomposed first and produce desired SEI, which contains many LiF species [44]. This SEI
guides the uniform Li plating/striping and gives a smooth Li surface in Figure 4c. Besides,
this SEI also prevents further contact between Li salts and anode, reduces the consumption
of LiDFOB and LiTFSI, thus giving the best long-term cycling performance.

3.3. The Cathode/Electrolyte Interface

The interface between the cathode and electrolyte is also essential, especially under
high cutoff voltage [45]. SEM-EDX characterization was also performed to give information
about the NMC811 structure and CEI component.

The SEM result of pristine NMC811 shows good microstructure. No film is formed
on the particle surface shown in Figure 5a. After 100 cycles in three different electrolytes,
all NMC811s show clear film formation on the surface (Figure 5b–d). However, their
morphology demonstrates huge differences. NMC811 cycled in the commercial electrolyte



Batteries 2023, 9, 477 8 of 11

shows severe pulverization (Figure 5b). It is probably caused by the high voltage and
corrosion of HF formed by hydrolysis of LiPF6 [46]. Although there is no LiPF6 in T1D3
and T1D3-5.5, free DME in the electrolyte will be easily oxidized to generate acidic species
leaching the cathode during cycling [47]. NMC811 cycled in T1D3 (Figure 5c) shows
improved structure compared to the material cycled in the commercial electrolyte. However,
one can still find cracked NMC811 particles which indicate that T1D3 cannot help to build
robust CEI. By contrast, the particle structure of NMC811 cycled in T1D3-5.5 remained
intact (Figure 5d), likely due to the CEI structure discussed below.
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Figure 5. (a–d) SEM top view of NMC811 cathode (a) before cycling, (b–d) after 100 cycles in
(b) commercial electrolyte, (c) T1D3 and (d) T1D3-5.5, respectively. Red circles show pulverized
particles. (e) Relative content of various elements on the NMC811 surface after 100 cycles in three
different electrolytes, obtained by EDX analysis.

EDX analysis (Figure 5e) shows the possible compositions of CEIs on the surface
of NMC811s cycled in three electrolytes. It is known that CEI formed in commercial
electrolyte is mainly composed of inorganic LiF and organic species such as –C–O–, –C=O–,
and LixPOyFz, which is consistent with the elements detected by EDX. In comparison, CEI
formed in T1D3 and T1D3-5.5 show element B representing the decomposition species from
LiDFOB, for example, LixBOy or LixBOyFz [48]. By comparing the relative content of the
elements in T1D3 and T1D3-5.5, we can find the influence of FEC. NMC811 cycled in T1D3
has higher O content which may come from the deleterious process of DME responsible
for the NMC811 cracking in Figure 5c. The low B and S content in T1D3 means LiDFOB
and LiTFSI participate only marginally in the formation of CEI. Thus, the higher F content
may come from the degradation of TTE. NMC811 cycled in T1D3-5.5 shows very high C
content from the PEO-like polymer species due to adding FEC. These PEO-like polymer
species could improve the cycling performance of the Li||NMC811 cell [49]. Meanwhile,
adding FEC decreases the degradation of DME and TTE since T1D3-5.5 shows lower O and
F content. The higher B content means more LiDFOB participates in forming CEI, which
makes CEI more robust.

4. Conclusions and Outlook

We have developed an electrolyte composed of 0.25 M LiTFSI and 0.75 M LiDFOB
with DME/TTE solvent and FEC additive for high-voltage LMBs. Li||NMC811 battery
with this electrolyte, cycling under 2.7–4.4 V, gives an initial capacity of 187.2 mAh·g−1

and shows a stable long-term cycling performance with 81.5% capacity retention after
300 cycles at 1 C. Even under a higher cutoff voltage of 4.5 V, the battery shows no rapid
decay within 300 cycles. These excellent results can be attributed to the stable SEI and CEI
formed by electrolyte, which provided a smooth and dense Li surface and well-protected
NMC microstructure. Besides, adding FEC protects not only the Li salts but also the
solvents from over-consumption, which is also helpful for long-term cycling performance.
However, limited by the characterization methods and the nature of SEI/CEI, a lot of
work still needs to be done in the future to thoroughly study the composition and impact
of SEI/CEI on the battery. This work demonstrates the promising future of electrolyte
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engineering in achieving the practical application of Li metal batteries. However, to meet
the requirements of practical application, batteries need to be tested under more harsh
conditions, for example, lean electrolyte and thin Li anode (under 50 µm). Besides, other
properties of electrolytes also need to be done, for example: the effect of the ambient
temperature, flame retardant performance, and other safety tests.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/batteries9090477/s1, Figure S1: Cycling performance of three
electrolytes with different LiTFSI to LiDFOB ratios under 2.7–4.4 V; Figure S2: Cycling performance
of T1D3-5.5 and T1D1-5.5 under 2.7–4.4 V. Table S1: All the EIS fitting data of Li||NMC811 cells in
three electrolytes after 2 cycles and 100 cycles.
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