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Monolithic solid–electrolyte interphases formed
in fluorinated orthoformate-based electrolytes
minimize Li depletion and pulverization
Xia Cao1, Xiaodi Ren 1, Lianfeng Zou2, Mark H. Engelhard 2, William Huang 3,
Hansen Wang 3, Bethany E. Matthews2, Hongkyung Lee 1, Chaojiang Niu 1, Bruce W. Arey2,
Yi Cui 3, Chongmin Wang 2, Jie Xiao 1, Jun Liu 1, Wu Xu 1* and Ji-Guang Zhang 1*
Lithium (Li) pulverization and associated large volume expansion during cycling is one of the most critical barriers for the safe
operation of Li-metal batteries. Here, we report an approach to minimize the Li pulverization using an electrolyte based on a
fluorinated orthoformate solvent. The solid–electrolyte interphase (SEI) formed in this electrolyte clearly exhibits a monolithic
feature, which is in sharp contrast with the widely reported mosaic- or multilayer-type SEIs that are not homogeneous and could
lead to uneven Li stripping/plating and fast Li and electrolyte depletion over cycling. The highly homogeneous and amorphous
SEI not only prevents dendritic Li formation, but also minimizes Li loss and volumetric expansion. Furthermore, this new electrolyte strongly suppresses the phase transformation of the LiNi0.8Co0.1Mn0.1O2 cathode (from layered structure to rock salt) and
stabilizes its structure. Tests of high-voltage Li||NMC811 cells show long-term cycling stability and high rate capability, as well
as reduced safety concerns.

T

he ever-increasing demand for high-energy-density batteries
has revitalized worldwide efforts on rechargeable lithium (Li)
metal batteries (LMBs) in recent years. However, significant
challenges relating to the stability of the Li-metal anode (LMA)
still limit the large-scale application of LMBs1–8. The thermodynamic instability of metallic Li can lead to continuous side reactions
between Li and electrolyte, and continuous loss of Li metal and electrolyte, yielding low Li Coulombic efficiency and short cycle life2,6.
Even in the case of Li growth with high Coulombic efficiency and
without dendrites, pulverization of LMA and its large volumetric
expansion after long-term cycling still entail great safety concerns,
especially for the nail-penetration test after cycling6,9.
Since Li nucleation and growth are predominantly determined
by the chemical nature of the electrolytes, developing electrolytes
that have good stability with Li, which forms a uniform, robust
solid–electrode interphase (SEI) on the LMA, is critical and urgently
needed for further development of LMBs10–16. Because metallic Li is
thermodynamically unstable with almost all organic solvents17, SEI
formed on LMA plays a key role in its stable cycling18. Two types
of SEI structure (that is, mosaic type (composed of randomly distributed inorganic parts (sometimes crystals) and organic parts
(polymers)) and multilayer type (composed of an inner inorganic
layer and an outer organic layer)) have been observed and widely
accepted in the field18–21. However, these SEI layers continuously
grow during the repeated charge/discharge processes, leading to
fast Li and electrolyte depletion over cycling. Therefore, further
improvements on the SEI composition and structure, with great
uniformity and robustness against cycling, are critical for the stable
operation of LMAs.
The stability of electrolyte with cathodes is also important.
Some electrolytes that exhibit excellent stability with LMA may not

be stable with high-voltage cathodes, such as LiNi0.8Co0.1Mn0.1O2
(NMC811)22. Therefore, an ideal electrolyte needs to form a stable
cathode–electrolyte interphase (CEI) on the cathode to enable highenergy-density batteries5,23. Although many common solvents used
in Li-ion batteries, such as carbonates, sulfones, phosphates, nitriles
and ionic liquids, are oxidatively stable up to 4.5 or even 5 V (versus Li/Li+), their applications in LMBs are limited due to their poor
stability against metallic Li1,11,15,24,25. Among the reported electrolyte solvents, ethers are always appealing for LMAs because their
high reductive stability with Li leads to much higher Coulombic
efficiency and less dendritic Li than the carbonate solvents typically used in Li-ion batteries26. However, ether-based electrolytes
have limited applications in practical batteries because of their low
anodic stability, which is normally <4 V when used with a nominal
salt concentration (~1 M). An interesting approach is using fluorinated solvents23,27,28. Unlike the mainstream nonfluorinated solvents
(including regular ethers, esters, carbonates, phosphates, sulfones
and nitriles) that have either good anodic stability or Li stability,
fluorinated solvents (including fluorinated ethers, carbonates and
sulfones) can shift the oxidation stability to a higher voltage, and at
the same time more readily stabilize the Li anode to a certain extent,
by forming a robust LiF-rich SEI11,14,23,29–36. Nevertheless, continuous
side reactions and fast Li depletion still occur.
In recent years, superconcentrated electrolytes (or high-concentration electrolytes (HCEs)) were proposed to stabilize both the
high-voltage cathode and the LMA by reducing the number of free
solvent molecules and modifying the Li+ solvation structure5,35,37–39.
However, most HCEs exhibit high viscosity, which is not good for
wetting electrodes and separators in practical applications11,36. More
recently, localized HCEs have been developed using various diluents
in the HCEs to minimize the above disadvantages of HCEs11,12,33–36,40.
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Table 1 | Physical properties of TFEO and conventional solvents
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LUMO, lowest unoccupied molecular orbital.

Although these approaches have largely improved the stability of
LMA and extended the cycle life of LMBs3, significant increases in
the cell thickness and pulverization of LMA are still observed after
long-term cycling.
In this work, we propose a class of fluorinated solvents—hydrofluoro-orthoformates—to minimize Li depletion and pulverization in LMBs. For instance, tris(2,2,2-trifluoroethyl)orthoformate
(TFEO) (see Table 1 for its structure) exhibits a high boiling point
of 145 °C, which may enable battery application at elevated temperatures, and can largely improve the stability and safety of LMBs.
Moreover, TFEO does not contain any unstable functional groups
(such as cyano, carbonyl and sulfonic groups) that are highly reactive with metallic Li, but only contains Li-friendly ether groups
that ensure its stability against Li16. TFEO also possesses a powerful
electron-withdrawing group (CF3), which extends its oxidative stability41–43. It exhibits a very low highest occupied molecular orbital
(HOMO) energy value compared with other typical solvents, as
shown in Table 1. This property largely enhances its high-voltage
stability. At the same time, its low viscosity makes it an excellent
electrolyte co-solvent (or diluent). Specifically, 1 M LiFSI in DMETFEO (1:9 by weight and 1.2:3 by mole; hereafter referred to as 1 M
LiFSI/DME-TFEO) was used in this work. One of the distinguished
advantages of TFEO-based electrolytes is that they can form a
monolithic SEI, whose highly homogeneous and inorganic rich
properties largely minimize the pulverization of LMA even after
long-term cycling, which is critical for the safe operation of LMBs.

Monolithic SEI on Li anode

Figure 1a–c shows high-resolution cryo-electron microscopy (cryoEM) images of the Li-metal particles formed after the first electrochemical deposition in the TFEO-based electrolyte. In general,
continuous and uniform SEI is found on the surface of the deposited Li, as shown Fig. 1a,b. When cryo-EM magnification is further
increased to an atomic scale, the Li growth direction and SEI structure become visible. The dashed lines in Fig. 1c show a consistent
SEI thickness of ~10 nm on the Li surface. In parallel, the energy
dispersive spectroscopy spectrum inserted in Fig. 1c proves that
this SEI is rich in inorganic species (that is, there are much higher
levels of O-, F- and S-containing compounds derived from LiFSI
than C-containing organic species). Interestingly, these inorganic
compounds in this SEI layer were not crystallized. Instead, they
were distributed uniformly in an amorphous state in this particular
SEI, as shown by the corresponding selected-area electron diffraction inserted in Fig. 1a and reduced fast Fourier transform result
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shown in Fig. 1c, where only the crystalline Li structure is identified. This SEI structure is completely different from those reported
in the literature18,19,24. For the well-known mosaic- and multilayertype SEI structures, the inorganic species were usually crystallized
and enriched in certain areas of the SEI18,19,24, thus these SEIs were
not as homogenous as would be expected for an ideal SEI. However,
the SEI formed in this TFEO-based electrolyte exhibited a fully
amorphous structure, although it was also rich in inorganic species.
Moreover, this SEI proved to be uniform not only in horizontal coverage, but also in depth through the SEI from the surface to the bottom (close to the Li metal), as discussed in detail below. A schematic
of the observed SEI on the Li is shown in Fig. 1d.

Extended cycling and minimized Li depletion/pulverization

Electrochemical performance characterizations and post-cycling
analysis further validated the unique SEI properties generated in
TFEO-based electrolyte. In this work, conventional carbonate electrolyte (1 M LiPF6/ethylene carbonate (EC)-ethyl methyl carbonate
(EMC) + 2% vinylene carbonate (VC) and ether-based electrolyte
(1 M LiFSI/1,2-dimethoxyethane (DME)) were used as reference
electrolytes. The physical properties of these electrolytes, such as
conductivity, viscosity and wettability, are shown in Supplementary
Fig. 1a,b. Fig. 2a shows the electrochemical stability window of the
three electrolytes. The carbonate-based electrolyte shows slight
oxidation starting at 4.2 V. For the 1 M LiFSI/DME electrolyte, the
oxidation begins at slightly higher than 3.5 V due to the low anodic
stability of DME. However, for the 1 M LiFSI/DME-TFEO electrolyte, oxidative stability of the electrolyte improves dramatically, and
no noticeable oxidative current is observed until 6 V.
Figure 2b shows the voltage profiles from evaluation of the Li
Coulombic efficiencies of the electrolytes. 1 M LiFSI/DME showed
an Li Coulombic efficiency of 98.1%, which was much higher than
that of the reference electrolyte (89.8%). With the addition of TFEO,
the 1 M LiFSI/DME-TFEO showed an excellent Li Coulombic efficiency of 99.5%, which is one of the best values reported for LMAs.
The first-cycle voltage profiles of these electrolytes are presented
in Supplementary Fig. 2. These different Coulombic efficiency values are consistent with the Li deposition morphologies shown in
Supplementary Fig. 3a–c. Large and more compact granular Li particles were deposited on the Cu substrate in 1 M LiFSI/DME-TFEO,
while dendritic Li formed in the reference carbonate electrolyte and
less compact Li was deposited in 1 M LiFSI/DME, probably because
of the highly uniform SEI formed in this electrolyte.
Figure 2c shows the cycling performance of the symmetrical
Li||Li cells. The voltage curve of the cell using the reference electrolyte showed a rapid increase in polarization after 300 h, and the cell
failed at ~450 h. In contrast, the cells using 1 M LiFSI/DME and 1 M
LiFSI/DME-TFEO electrolytes showed very stable cycling for more
than 700 h. Supplementary Fig. 4b,c shows magnified views of the
first 20 h and the 20 h after 400 h, respectively. Figure 2d shows the
cycling performance of the Li||NMC811 cells. The voltage profiles
for these cells are shown in Supplementary Fig. 5a–c. The cell with
the reference carbonate electrolyte showed stable cycling in the first
30 cycles and then a sudden drop in both capacity and Coulombic
efficiency, which can be attributed to rapid consumption of Li. The
shorter cycle life compared with the literature report for reference
electrolyte is because of the very thin Li anode (50 µm) used in this
work compared with previous reports14,28,44. Supplementary Fig. 6
shows that the Li||NMC811 cells with a thicker Li anode (450 versus 50 µm) exhibit a much longer cycle life, but a much thinner
Li anode is required to realize the full potential of LMBs. For the
cell with 1 M LiFSI/DME, the cell capacity decreased slowly in the
first 25 cycles, decayed somewhat quickly in the 25th–50th cycles,
and then dropped abruptly, with an extended cycle number of ~50
cycles before the cell failed. For this cell, the capacity decay and low
Coulombic efficiency during the cycling can be partially attributed
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Fig. 1 | SEI on the Li anode. a–c, Cryo-EM images of Li deposited on a TEM grid at different scales. Inset in a: corresponding selected-area electron
diffraction pattern. Inset in c: corresponding reduced fast Fourier transform (top) and energy dispersive spectroscopy spectra (bottom) of the SEI layer.
The yellow lines show the lattice space of the crystalline Li. d, Schematic of the observed single-layer SEI structure on deposited Li in the 1 M LiFSI/DMETFEO electrolyte.

to the oxidative decomposition of DME (Fig. 2a) and corrosion of
the Al substrate by LiFSI, as shown in Supplementary Fig. 7c, where
Al corrosion pits are observed on the cycled Al surface (at the back
of the NMC811 electrode). In contrast, a significantly improved
cycling performance was achieved using the 1 M LiFSI/DME-TFEO
electrolyte, which has a capacity retention of 80% after 300 cycles
and a high Coulombic efficiency of 99.7% over cycling. Al corrosion
by LiFSI was also eliminated with the addition of TFEO solvent, as
shown in Supplementary Fig. 7d. In addition, great cycling stability
was obtained at both low (5 °C) and elevated temperature (55 °C), as
shown in Supplementary Fig. 8.
Furthermore, the effects of charge and discharge rates on the cell
performance of 1 M LiFSI/DME-TFEO in Li||NMC811 cells were
evaluated and compared with those with the reference electrolyte.
As shown in Fig. 2e, for the cell with the reference electrolyte, the
specific capacities were almost identical at 200 mAh g−1 from charge
rates C/5 to C/2, and were ~190 mAh g−1 at 1 C. However, when the
charge rate was increased further to 2 C, a fast capacity decay was
evident, and very limited specific capacity was obtained at 3 and
4 C charge rates. The cell capacity faded rapidly even when the rate
was reduced back to C/5, which may have been caused by damage
to the Li anode at high current density during the fast charge. In
798

comparison, the cell with the 1 M LiFSI/DME-TFEO electrolyte
performed significantly better at high charge rates, showing stable
specific discharge capacities of ~175 mAh g−1 at 2 C, 160 mAh g−1 at
3 C and 137 mAh g−1 at 4 C. The specific capacity then recovered to
210 mAh g−1 after the charge rate was decreased back to C/5. For
the cells with a constant charge rate of C/3 and different discharge
rates, as shown in Fig. 2f, very slight differences in specific capacities were obtained at all of the discharge rates with the 1 M LiFSI/
DME-TFEO electrolyte. Specific capacities of 182 and 178 mAh g−1
were shown at 3 and 4 C discharge rates, respectively, in the cell with
the 1 M LiFSI/DME-TFEO electrolyte, while the cell with the reference electrolyte failed at the 3 C discharge rate. These results clearly
show that the 1 M LiFSI/DME-TFEO electrolyte enables both fast
charge and fast discharge processes in LMBs.

Postmortem analysis

The Li pulverization problem was largely minimized in an
Li||NMC811 cell using the 1 M LiFSI/DME-TFEO electrolyte after
long-term cycling. Figure 3a–c shows scanning electron microscopy
(SEM) images with cross-sectional views of the three LMAs after
100 cycles. As shown in Fig. 3a,b, for the cells using the carbonate reference and 1 M LiFSI/DME electrolytes, the Li anodes were
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Fig. 2 | Electrochemical performances of different electrolytes. a–d, Electrochemical stability window (a), Li Coulombic efficiency (b), Li||Li cell cycling
(c) and Li||NMC811 cell cycling performances (d) of the investigated electrolytes. In d, the lines with filled and open circles represent the specific capacity
and Coulombic efficiency of the cells, respectively. e,f, Rate performance of Li||NMC811 cells at different charge C-rates with a constant discharge rate of
C/3 (e) and a constant charge rate at C/3 with different discharge C-rates (f). Li||Li cycling was obtained at a current density of 0.5 mA cm−2 and an areal
capacity of 1 mAh cm−2 for each plating or stripping step. Li||NMC811 cells consist of an NMC811 cathode (1.5 mAh cm−2) and a thin Li foil (50 µm). They
were charged and discharged between 2.8 and 4.4 V at a C/3 rate after two formation cycles at C/10, where 1 C = 1.5 mA cm−2.
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Fig. 3 | Li consumption and volumetric expansion after 100 cycles in Li||NMC811 cells. a–c, Cross-section views of SEM images of Li-metal electrodes
cycled with electrolytes of 1 M LiPF6/EC-EMC + 2% VC (a), 1 M LiFSI/DME (b) and 1 M LiFSI/DME-TFEO (c). d, Quantification of Li Loss during 100 cycles
in 1 M LiFSI/DME-TFEO. Only 0.9 mAh of Li was lost in 100 cycles. Inset: optical photo of a cycled Li anode collected from the Li||NMC811 cell after 100
cycles in the 1 M LiFSI/DME-TFEO electrolyte. The diameter of the active Li anode was 12.7 mm—the same as that of the NMC811 cathode. e, Schematic of
Li loss and corresponding thickness (volumetric) expansion after 100 cycles in Li||NMC811, while cells in 1 M LiPF6/EC-EMC + 2% VC and 1 M LiFSI/DME
failed sooner, at the 35th and 60th cycle, respectively, due to the complete depletion of Li.

completely consumed, and their thickness increased from 50 µm
to 221 µm (that is, 171 µm expansion) and 212 µm (that is, 162 µm
expansion), respectively. In contrast, ~47 µm fresh Li still remained
after 100 cycles in the cell using the 1 M LiFSI/DME-TFEO electrolyte (Fig. 4c). The native metal lustre of the remaining Li layer can
be distinguished easily from the dark passivation layer in the photo
images, as shown in Supplementary Fig. 9. The thickness expansion
was 45 µm, which is only around one-quarter of that of the Li metal
cycled in the reference electrolyte. Supplementary Fig. 10d–f shows
magnified versions of the SEM images shown in Supplementary
Fig. 4a–c. Highly porous Li was generated on the Li anodes cycled
in the reference and 1 M LiFSI/DME electrolytes. However, large
granular structures were observed on the reacted Li side when using
the 1 M LiFSI/DME-TFEO electrolyte. These were predominantly
SEI shells accumulated over the 100 cycles. To determine the exact
amount of Li loss, the cycled Li was collected from the Li||NMC811
cell after 100 cycles, then reassembled in an Li||Cu cell to strip the
total active Li. As shown in Fig. 3d, the capacity of active Li after
100 cycles was 16.9 mAh. Compared with a fresh Li disk (identical
800

(same weight) to the one used for cycling), having a capacity of
17.8 mAh, only 0.9 mAh (or 0.23 mg, based on the theoretical capacity of 3,860 mAh g−1) of Li was lost in 100 cycles. The areal loss was
0.71 mAh cm−2 (0.18 mg cm−2), as calculated by dividing the capacity difference by the reacted area (1.27 cm2, facing the cathode).
This value is equivalent to 3.37 µm Li, based on the density of Li
(0.534 g cm−3), which is in good agreement with the SEM imaging
results shown in Fig. 3c. Figure 3e is a schematic of the Li depletion
and thickness (volumetric) expansion of the Li anode after cycling
of the original 50 µm fresh Li. The prevention of Li depletion/pulverization and greatly suppressed volumetric expansion of the Li
anode in 1 M LiFSI/DME-TFEO is very promising for the practical
application of the LMA in LMBs; it can not only enhance the cycling
stability, but also make them much safer.
The significant improvement of the 1 M LiFSI/DME-TFEO electrolyte compared with the carbonate reference and 1 M LiFSI/DME
electrolytes can be explained mainly by the different SEIs and CEIs
generated in the different electrolytes. Figure 4a–i shows X-ray photoelectron spectroscopy (XPS) results for Li anodes retrieved after
Nature Energy | VOL 4 | SEPTEMBER 2019 | 796–805 | www.nature.com/natureenergy
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Fig. 4 | SEI information obtained by XPS measurement on Li electrodes after 100 cycles in Li||NMC811 cells with electrolytes. a–i, C 1s spectra (a–c),
P 2p spectra (d) and S 2p surface spectra (e and f), as well as quantified atomic composition ratios of the SEI at different sputtering times (g–i), for 1 M
LiPF6/EC-EMC + 2% VC (a, d and g), 1 M LiFSI/DME (b, e and h) and 1 M LiFSI/DME-TFEO (c, f and l). All of the XPS results were fitted with CasaXPS
software. The binding energy was calibrated with C 1s at 284.8 eV. For fitting, Shirley BG type was used for background subtraction and GL(30) line shape
was used for peak fit.

100 cycles. The C 1s spectrum was selected as a representative of
organic species; it usually contains C–H/C–C, C–O and polycarbonates that are mainly derived from electrolyte solvents. As shown
in Fig. 4a–c, the Li electrode cycled in the reference electrolyte
(Fig. 5a) had the highest C 1s intensity, while the Li cycled in 1 M
LiFSI/DME showed less C 1s intensity, and the Li anode cycled in
1 M LiFSI/DME-TFEO showed the lowest C 1s intensity. These
results clearly indicate that there was less solvent decomposition on
the Li-metal surface in the 1 M LiFSI/DME-TFEO electrolyte.
The P 2p and S 2p spectra typically represent the contributions from inorganic components generated in the SEI, which are
derived from the conductive salts (LiPF6 or LiFSI). The S 2p intensities for Li cycled in 1 M LiFSI/DME and 1 M LiFSI/DME-TFEO
were much higher than the P 2p intensity obtained for Li cycled
in the reference electrolyte. This result indicates that LiFSI was
preferentially decomposed, and participated in SEI formation. The
difference between these two electrolytes is in the decomposition
products in the SEI. Apparent SO2F and a small Sn2− signal were
observed for the 1 M LiFSI/DME electrolyte, while larger SOx and
S2− signals are shown for the 1 M LiFSI/DME-TFEO electrolyte,
meaning that LiFSI is more completely reduced with the addition
Nature Energy | VOL 4 | SEPTEMBER 2019 | 796–805 | www.nature.com/natureenergy

of TFEO. Together with the C 1s spectra, it can be concluded that
LiFSI, rather than solvent (either carbonate or ether), is preferentially decomposed in the 1 M LiFSI/DME-TFEO electrolyte to form
SEI on the Li surface, which is consistent with the results observed
with cryo-EM. In addition, the peak at 292.5 eV, attributed to the
CF3 group (Fig. 4c), indicates that TFEO participates in SEI formation simultaneously with LiFSI decomposition.
In addition to the surface analysis, more detailed information
was obtained with an XPS depth profile with argon sputtering.
Figure 4g–i shows the atomic ratios of selected elements on the
cycled Li anodes collected at different depths. Detailed and fitted
XPS spectra for different electrolytes are shown in Supplementary
Figs. 11–13. As shown in Fig. 4g for the Li anode cycled in the reference electrolyte, more organic species containing C were observed
on the surface of the SEI. With the depth profiling (from the surface
to the bottom (close to the Li metal)), the organic species (C as an
indicator) derived from the solvent significantly decreased while the
inorganic species (Li as an indicator) increased. The same trend was
found in 1 M LiFSI/DME. This trend is well known as ‘two-sublayer
SEI’ in the literature, where the inner layer is rich in inorganic species and the outer layer is rich in organic species18,20.
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Fig. 5 | Structural and CEI/SEI properties of the electrodes. a–c, Quantified atomic composition ratios of the CEI obtained by XPS spectra for the NMC811
electrodes collected from cells with 1 M LiPF6/EC-EMC + 2% VC (a), 1 M LiFSI/DME (b) and 1 M LiFSI/DME-TFEO (c) after 100 cycles. d–i, HAADF-STEM
(d–g) and ABF-STEM images (h and i) of pristine (d) and cycled NMC811 electrodes collected from cells with 1 M LiPF6/EC-EMC + 2% VC (e), 1 M LiFSI/
DME (f and h) and 1 M LiFSI/DME-TFEO (g and i) after 100 cycles. d represents the spacing between adjacent lattice planes. j–m, Mn 2p (j and l) and Ni
3p XPS spectra (k and m) of the NMC811 cathodes (j and k) and Li anodes (l and m) after 100 cycles in Li||NMC811 cells.

In strong contrast, the atomic ratio of different elements was
almost constant from the surface to the bottom of the SEI layer
formed in the 1 M LiFSI/DME-TFEO electrolyte, indicating homogeneous element distribution in this SEI at different depths. This is
the first time an SEI layer with essentially the same composition from
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the surface to the bottom has been reported, which is beyond the
known mosaic and multilayer SEIs18. Together with the uniformity
in the horizontal coverage of the SEI on the Li surface observed with
cryo-EM (Fig. 1), this SEI layer is uniform along all three dimensions. Its unique properties greatly suppressed the Li–electrolyte
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interactions, minimized Li and electrolyte depletion, and enabled
enhanced cycling performance with minimal Li pulverization.
In addition to stabilizing the Li anode and minimizing pulverization of Li during cycling, 1 M LiFSI/DME-TFEO also greatly stabilized the NMC811 cathode. Figure 5a–c shows the atomic ratio of
the CEI layer formed on the surface of the NMC811 cathode in different electrolytes. An LiF-rich CEI (as indicated by the high Li and
F ratios shown in Fig. 5c) was formed on the surface of NMC811 in
the TFEO-based electrolyte, while organic-rich CEIs (high C ratio
(Fig. 5a,b)) were obtained in the reference carbonate and 1 M LiFSI/
DME electrolytes. Detailed and fitted XPS spectra for different electrolytes are shown in Supplementary Figs. 14–16. Figure 5d–i shows
the high-angle annular dark-field scanning transmission electron
microscopy (TEM) (HAADF-STEM) and annular bright-field
scanning TEM (ABF-STEM) imaging results of the fresh and cycled
NMC811 electrodes. A layered structure was clearly observed in the
pristine NMC811 electrode (Fig. 5d). For the electrode cycled in
carbonate electrolyte, the surface underwent a severe phase transition, with an accumulation of ~4.5 nm of disordered rock salt phase
on the cathode surface (Fig. 5e), which was caused by the electrolyte–NMC811 interactions. The surface lattice layers of NMC811
electrode were subject to a certain degree of intermixing, where
the Li sites were partially occupied by the anti-site Ni ions45. This
reconstruction also existed in the NMC811 electrode cycled in 1 M
LiFSI/DME, with a rock salt thickness of 2.2 nm (Fig. 5f). In contrast, for the same cycling condition in 1 M LiFSI/DME-TFEO, the
electrode surface maintained a layered structure (Fig. 5g) that was
comparable to the pristine sample (Fig. 5d), indicating that the detrimental phase transition was effectively suppressed in this electrolyte. The origin of these beneficial effects can be attributed to the
formation of a uniform LiF-rich CEI layer (~5 nm), as outlined by
the green dashed lines in Fig. 5i of the corresponding ABF-STEM
image, which has been widely recognized as providing the sustained
protection for battery operation46, while the uneven and organicrich CEI (Fig. 5h) formed in 1 M LiFSI/DME electrolyte is less protective. XPS results of the Mn 2p (Fig. 5j) and Ni 3p (Fig. 5k) of the
NMC811 electrodes also confirmed that no Mn or Ni was detected
on the surface of the NMC811 cycled in the 1 M LiFSI/DME-TFEO
electrolyte, because of the dense and continuous LiF layer formed
on its surface, while Mn and Ni were found on the surface of both
NMC811 electrodes cycled in either reference electrolyte or 1 M
LiFSI/DME electrolyte. The Mn and Ni content in the surface of
NMC811 electrodes tends to dissolve, cross over and deposit on the
Li anode47, as shown in the Mn 2p (Fig. 5l) and Ni 3p spectra (Fig. 5m)
of the cycled Li anodes, where Mn and Ni were found on the Li
anodes cycled in reference electrolyte and 1 M LiFSI/DME electrolyte. However, due the effective protection of the LiF layer on the
NMC811 cathode cycled in the 1 M LiFSI/DME-TFEO electrolyte,
the amount of transition metals dissolved into the electrolyte and
crossed over to deposit on the Li anode was significantly reduced.
Stabilization of both the NMC811 cathode and the Li anode is
required for the long-term cycling stability of Li||NMC811 cells.

Conclusion

We propose that a class of fluorinated orthoformate solvents is used
in electrolytes for LMBs. A TFEO-based electrolyte such as 1 M
LiFSI/DME-TFEO (1:9 by weight; 1.2:3 by mole) forms a highly
homogeneous, amorphous and monolithic SEI layer on an LMA,
rather than the mosaic- or multilayer-type SEI structure reported
previously. This SEI layer is rich in inorganic species and leads to
high Coulombic efficiency for LMAs without Li dendrite growth.
Together with a crystalline, LiF-rich CEI formed on the NMC811
cathode, this electrolyte enables long-term cycling stability of
Li||NMC811 cells with minimal pulverization of LMA, which is
one of the main barriers to the practical application of LMBs. In
addition, it allows fast charging and discharging of Li||NMC811
Nature Energy | VOL 4 | SEPTEMBER 2019 | 796–805 | www.nature.com/natureenergy

cells at rates of up to 4 C (~6 mA cm−2). All of these results show that
the newly developed TFEO-based electrolyte is very promising for
practical applications in high-voltage LMBs.

Methods

Materials. Battery-grade LiPF6, EC, EMC, VC and DME were used as received
from BASF Battery Materials. TFEO was purchased from SynQuest Laboratories
and dried with 4 Å molecular sieves (Sigma–Aldrich) until the moisture content
was <20 ppm when titrated by the Karl–Fischer method. LiFSI (99%) was provided
free of charge by Nippon Shokubai and pre-dried at 120 °C overnight before use.
The NMC811 material was purchased from Targray.
Density functional theory (DFT) calculation. DFT calculations of the HOMO
and lowest unoccupied molecular orbital (based on geometry optimization and
frequency computation) were performed with the GAUSSIAN 09 software package
with a basis set of 6-311++G(d,p)27,48,49.
Electrolyte and electrode preparation. The electrolytes were prepared by
dissolving the conductive salt LiPF6 or LiFSI in the selected solvent (mixture)
and additive inside an MBraun glovebox filled with purified argon, where the
moisture and oxygen content was <1 ppm. Specifically, 1 M LiPF6/EC-EMC (1:1
by weight) + 2% VC, 1 M LiFSI/DME and 1 M LiFSI/DME-TFEO (1:9 by weight
and 1.2:3 by mole) were used. In the TFEO-based electrolyte, we chose a low
DME:high TFEO weight ratio because TFEO has very poor solubility with LiFSI.
To keep the salt concentration of 1 M in the conventional electrolytes, DME was
used to dissolve the LiFSI. A weight ratio of 1:9 for DME and TFEO was the
minimum amount of DME to obtain the desired 1 M LiFSI-based electrolyte and
the maximum amount of TFEO for good electrolyte anodic stability. The NMC811
cathodes were prepared by slurry coating on Al foil, comprising 96 wt% NMC811,
2 wt% Super C65 (as conductive carbon) and 2 wt% polyvinylidene difluotide (as
binder). The areal capacity loading was about 1.5 mAh cm−2, and the cathode was
punched into 1.27 cm2 disks and further dried at 120 °C overnight. Li on Cu foil
(50 ± 2 µm), received from China Energy Lithium, was used as received.
Electrochemical tests. Electrochemical stability windows were measured separately
for anodic stability and cathodic stability by linear sweeping voltammetry from
open circuit potential to 6 and 0 V, respectively, with a scan rate of 0.1 mV s−1 on
a CHI660C electrochemical workstation. CR2032 coin cells were assembled for
this measurement, in which a piece of Al foil (for anodic sweeping) or Cu foil (for
cathodic sweeping) was used as a cathode, a piece of separator (polyethylene; Asahi
Hipore) and an Li chip (250 µm thick; 1.50 cm diameter; MTI) were sandwiched
together, and 75 µl electrolyte was added to each cell before it was crimped inside
the argon-filled glovebox. The Li Coulombic efficiency was measured in the same
setup of Li||Cu configuration as was used for the cathodic stability tests, using the
Coulombic efficiency protocol (method 3 with a total charge (QT) = 5 mAh cm−2
and a cycled charge (QC ) = 1 mAh cm−2 and n = 10) reported in our previous work50.
Li (1 mAh cm−2) was deposited on Cu at a current of 0.5 mA cm−2 and collected
for Li deposition morphology measurement. The Li||Li or Li||NMC811 cells were
also assembled in the same way by replacing Al foil with an Li chip or NMC811
electrode. For the Li||NMC811 cell, 50-µm-thick Li on Cu foil was used as the
LMA. The cycling performance of Li||Li cells was evaluated by plating/stripping
1 mAh cm−2 of Li at a current density of 0.5 mA cm−2. The Li||NMC811 cells were
tested within a voltage range of 2.8–4.4 V at C/3 charge and discharge rates after
two formation cycles at C/10, where 1 C was 200 mA g−1 (~1.5 mA cm−2). The rate
performance was tested in two modes, by fixing either a constant charge rate of C/3
or a discharge rate of C/3 and varying the discharge or charge rates, respectively,
from C/5 to C/3, C/2, 1C, 2C, 3C, 4C and C/5 for five cycles each.
Characterizations. For postmortem analyses, including SEM, XPS and TEM
measurements, cycled coin cells were disassembled inside the glovebox to collect
the Cu substrates, Li foils or NMC cathodes. These electrodes were rinsed with
dimethyl carbonate or DME solvent to remove residual electrolytes, dried, and then
sealed in airtight containers in the glovebox before being transferred for further
characterizations. SEM measurements were carried out on a Helios focused-ionbeam scanning electron microscope at an accelerating voltage of 5 kV and a current
of 86 pA. XPS measurements were performed with a Physical Electronics Quantera
scanning X-ray microprobe. A focused monochromatic Al Kα X-ray (1,486.7 eV)
source was used for excitation, and a spherical section analyzer and a pass energy
of 69.0 eV were used for high-energy-resolution spectra collection. The sample
sputtering parameters of Ar+ ions (2 kV; 2 µA; 45° incident angle) were used for
the depth profiling investigation. The sputtering time increments for the Li-metal
samples were 0, 40, 80 and 134 s. The sputtering time increments for the NMC
samples were 0, 67, 134, 201 and 268 s. The TEM samples were prepared using
the FEI Helios Dual Beam system. A secondary particle of NMC811 was selected
randomly for the lift-out processes. A Pt layer of ~2 µm was coated on the targeted
particle, which was then extracted along with the capping layers and welded to the
TEM grid45. The thinning processes were performed at 30 kV, followed by 5 and
then 2 kV to polish the surface and remove the damaged layers45. The as-prepared
803

Articles
sample was characterized using a JEOL JEM-ARM200CF spherical-aberrationcorrected microscope45. The convergence angle was set at 20.6 mrad for imaging,
and the signals at 90–370 and 10–23 mrad were collected for HAADF-STEM and
STEM-ABF imaging, respectively. The Li sample for cryo-EM was prepared by
depositing Li on the TEM grid, at a current of 2 mA and a capacity of 0.2 mAh,
with 1 M LiFSI/DME-TFEO. The sample was then dabbed with DME and frozen,
to carry out the cryo-EM according to the procedures reported by Li et al.19.

Data availability

The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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