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ARTICLE INFO ABSTRACT

The lithium metal battery (LMB) is one of the most promising next-generation battery systems due to its
ultrahigh energy density. However, problematic dendrite formation and low Coulombic efficiency (CE) greatly
limit its practical application. Carbonate electrolyte solvents are still indispensable for the operation of LMBs
using a transition metal oxide cathode. We determined the impact of different cyclic carbonates, which actively
participate in the formation of the solid-electrolyte interface (SEI), on the stable cycling of LMBs using a nickel-
rich layered cathode LiNip ¢Mng »2Cog 202 (NMC622). The substitution of fluorine atoms in the cyclic carbonate
profoundly enhances the stability of the lithium metal anode while fluoroalkyl and alkoxy substituents are
detrimental. Cyclic carbonate trans-difluoroethylene carbonate (DFEC) was identified as a novel SEI enabler on
the lithium metal anode, facilitating the formation of a protective SEI with relatively high lithium fluoride
content. A Li/NMC622 cell utilizing DFEC electrolyte solvent as SEI enabler displayed a capacity retention
larger than 82% after 400 cycles and an average CE of 99.95%. In contrast, the cycling retention after 400 cycles
for a Li/NMC622 cell using monofluoroethylene carbonate was only 31% with an average CE of 99.73%. Other
fluoroalkyl or alkoxy cyclic carbonates do not provide improved stabilization of the lithium metal anode over
ethylene carbonate. The fundamental studies in this work provide critical insight for the further development of
advanced electrolytes in LMBs.

Keywords:

Lithium metal batteries
Fluorinated cyclic carbonates
Lithium stabilization

High voltage electrolytes
Electrolyte optimization

1. Introduction additives, [20—23] ionic liquids, [24,25] electrolyte solvents, [26—28]

concentrated electrolytes, [29-32] and localized concentrated electro-

Owing to their relatively high energy density, lithium-ion batteries
(LIBs) have been extensively utilized in portable electronics. [1-3]
However, the energy density of state-of-the-art LIBs is not sufficient to
meet the application needs of electric vehicles. [4] The high-voltage
lithium metal battery (LMB) is regarded as a highly promising energy
storage system due to the ultrahigh theoretical specific capacity and
extremely low electrochemical potential of the lithium metal anode. [5]
Yet, the practical application of LMBs is still hindered by the extreme
reactivity of lithium metal, [6] the low Coulombic efficiency (CE)
induced by the instability of the lithium/electrolyte interface, [7] and
the continuous growth of lithium dendrites, which can lead to severe
safety issues. [8,9] Recently, many researchers have been investigating
methods for the stabilization of the lithium metal anode, including use
of solid-state electrolytes, [10—-12] robust protective layers on the
lithium metal, [13—-17] and various electrolyte salts, [18,19] electrolyte
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lytes. [33,34] Among all these methods, re-designing the electrolyte has
received the most attention due to its easy process and cost effective-
ness, as well as the significantly higher conductivity of liquid electro-
lytes compared to their solid counterparts.

In 2015, Lu et al. investigated the failure mechanism of the lithium
metal anode and conventional LIB electrolyte, i.e., lithium hexafluor-
ophosphate (LiPFg) dissolved in ethylene carbonate (EC) and linear
carbonates such as dimethyl carbonate (DMC) and ethyl methyl carbo-
nate (EMC). The results revealed the incompatibility of the LiPF¢-EC
based electrolyte with lithium metal anode. [35] Moreover, EC was also
found to be prone to oxidation at high voltage (4.4V vs. Li/Li"),
rendering it not suitable for nickel-rich layered cathodes. [36—38]
While several researchers indicate that lithium bis(fluorosulfonyl)imide
(LiFSI) is promising as the lithium salt for LMBs, [29-32] there are
concerns about the corrosion of the current collector by LiFSI at high
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voltage. [39,40] Owing to its high dissociation constant in polar aprotic
solvents, high conductivity, and ability to passivate the current collector,
LiPF; is still a promising lithium salt for LMBs. Moreover, the complete
absence of cyclic carbonates such as EC is not possible in LIBs due to
their ability to enable the formation of a robust solid-electrolyte interface
(SEI). While EC is not a qualified candidate for LMBs, Aurbach and
his co-workers demonstrated that with the replacement of EC by
monofluoroethylene carbonate (FEC), the stability of the lithium
metal anode was greatly enhanced. [41,42] Zhang et al. also intro-
duced an FEC-based electrolyte that can enable highly stable cycling
of LMBs using lithium iron phosphate as the cathode. [43] Xu and his
coworkers demonstrated the advantage of using FEC-based carbonate
electrolyte in high-voltage LMBs. [44] It is believed that the sacrificial
reduction of FEC leads to the formation of a benign and robust SEI
that contains lithium fluoride (LiF) on the lithium metal surface,
mitigating the side reaction between electrolyte and the lithium metal.
[27,41-44] Different researchers have also discovered independently
the protection effect of LiF on lithium metal anode. [41,45,46] Several
studies showed that other cyclic fluorinated carbonates such as trans-
difluoroethylene carbonate (DFEC) and 4-(trifluoromethyl)-1,3-diox-
olan-2-one (TFPC) displayed similar electrochemical properties to
FEC, while some of the cyclic fluorinated carbonate-based electrolytes
even outcompeted FEC in terms of electrochemical performance in
LIBs. [47-49] Therefore, an in-depth understanding of the substitu-
ent effect in cyclic carbonates on the electrochemical performance of
LMBs is critical to electrolyte optimization.

In this study, we designed and synthesized a variety of cyclic
carbonates, including EC, FEC, DFEC, TFPC, 4-(2,2,3,3,4,4,5,5,5-
nonafluoropentyl)-1,3-dioxolan-2-one (NFPEC), and 4-((2,2,3,3-tetra-
fluoropropoxy)methyl)-1,3-dioxolan-2-one (HFEEC) (Fig. 1). In cell
tests, we then determined the electrochemical properties of electrolytes
consisting of the above cyclic carbonates as SEI enablers, EMC as the
thinning solvent, and LiPFs as the lithium salt. Although cyclic
carbonates with fluoroalkyl or alkoxy substituents do not provide extra
stability over EC, our results showed superior stability for the fluorine-
substituted FEC- and DFEC-based electrolytes with the lithium metal
anode. Moreover, the DFEC-based electrolyte clearly outperformed the
FEC-based electrolyte in a Li/LiNig¢Mng2Cog202 (NMC622) cell,
showing better high voltage compatibility. We found that the stabiliza-
tion of the lithium metal anode originates from the formation of a
compact SEI layer, which contains a relatively high level of lithium
fluoride (LiF), through the reductive decomposition of FEC or DFEC.
The fundamental findings in this work clearly illustrate the significance
of the substituent effect in cyclic carbonates on the electrochemical
performance of high-voltage LMBs, providing new insights on the
development of advanced electrolytes. We report for the first time that
the cyclic carbonate DFEC is a novel SEI enabler on the lithium metal
anode, and that the robust SEI formed by the reductive decomposition
of the DFEC dramatically stabilizes the cycling of lithium metal
compared to conventional cyclic carbonate EC.
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Fig. 1. Chemical structures of six cyclic carbonates used in this study.
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2. Experimental

Cathode NMC622 (LiNip¢Mng2Cog20-) laminates were supplied
by the Cell Analysis, Modeling, and Prototyping (CAMP) Facility at
Argonne National Laboratory. The electrode laminates were punched
into 14 mm discs and dried at 70 °C under vacuum overnight.

The electrolyte components EC, EMC, and LiPFs (BASF, battery
grade) were used as-received. Cyclic carbonates FEC and DFEC were
purchased from commercial sources and were first dehydrated by
adding 4 A molecular sieves and then purified by vacuum distillation
before use. Karl-Fischer titration indicated that the water content of all
solvents was under 20 ppm. All electrolytes were prepared in an argon
atmosphere glovebox (< 1 ppm of O, and H»0).

2.1. Cyclic carbonates (TFPC, NFPEC, HFEEC)

The cyclic carbonate TFPC was synthesized by reacting commer-
cially available 3,3,3-trifluoropropane-1,2-diol with triphsogene. To a
solution of 3,3,3-trifluoropropane-1,2-diol (1 equiv.) dissolved in
dichloromethane (DCM) with trimethylamine (1 equiv.) was slowly
added a triphosgene (0.95 equiv.) DCM solution via a syringe pump at
0°C. The resulting mixture was stirred at 0°C for 30 min before
quenching with saturated sodium bicarbonate solution. The organic
phase was separated, and the aqueous phase was further extracted with
DCM. The combined organic phase was washed with brine and dried
over anhydrous Na,SO,. After the removal of solvent in vacuum, the
crude product was dried over 4 A molecular sieves and purified by
vacuum distillation to yield a colorless liquid (60°C/1mm Hg).
'H NMR (CDCls, 300 MHz): § 5.05-4.92 (m, 1H), 4.71-4.62 (m, 1H),
4.60-4.51 (m, 1H); '3C NMR (CDCl,, 75 MHz): § 152.7, 127.7, 124.0,
120.3,116.6 (q, J = 279 Hz), 72.5, 72.0, 71.6, 71.1 (q, J = 36 Hz), 63.8,
63.8, 63.7, 63.7 (q, J = 2 Hz).

The cyclic carbonates NFPEC and HFEEC were synthesized accord-
ing to previously reported literature by reacting the corresponding
fluorinated epoxides with carbon dioxide (CO, gas). [47,50] In a typical
procedure to prepare 4-((2,2,3,3-tetrafluoropropoxy)methyl)-1,3-diox-
olan-2-one (HFEEC), glycidyl 2,2,3,3-tetrafluoropropyl ether and
methyltriphenylphosphonium iodide were dissolved in 1-methoxy-2-
propanol and stirred at room temperature under a CO, atmosphere
(1 atm). The reaction mixture was stirred under ambient conditions for
4 days. The reaction solvent was then removed by a rotary evaporator.
The crude product was dried over 4 A molecular sieves, decanted, and
purified by fractional distillation under reduced pressure. A pure
product was obtained as fractions (90-100 °C/0.2 mm Hg).

2.2. Electrochemical testing

Conductivity was measured by an AC impedance technique using a
coin cell fixture reported previously. [51] The impedance spectra were
obtained using a Solartron analyzer operated between 0.01 Hz and
1 MHz with the amplitude of 10 mV.

Galvanostatic charge/discharge cycling was performed using 2032
coin cells at a C/3 rate with a cutoff voltage between 4.4V and 3.0V
following four formation cycles at a C/10 rate. Cell voltage profiles and
capacity were recorded using a MACCOR Electrochemical Analyzer.
The Li/NMC622 cell used in this work has an NMC622 positive
electrode (1.75 mAh cm™ areal capacity), a foil of Li metal anode,
one piece of separator (Celgard 2325), and the prepared electrolyte
(40 uL in each cell). Both Li/NMC622 and Li/Li coin cells were
prepared in an argon atmosphere glovebox (< 1 ppm of O, and H»0).

A Li/Cu cell was also prepared in an argon atmosphere glovebox
(<1 ppm of O, and H,0). A foil of lithium chip was used as both
counter and reference electrodes. The effective area of the Cu foil for Li
deposition was 1.60 cm?, and the volume of electrolyte used in each
coin cell was 40 pL. For the cycling test, 2 mAh ecm™ of lithium metal
was deposited on the Cu foil at 1 mA ecm™ current density and then
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stripped until the cell potential reached 0.5V for 20 cycles. For the CE
measurement (ten cycle average), the Li/Cu coin cell was first subjected
to three formation cycles at a current density of 1 mA cm™2 with lithium
plating of 4 mA h cm™ and stripping to 1 V. After that, 4 mAh cm™ of
lithium was plated on Cu as a reservoir, and the cell was then subjected
to repeated plating/stripping of 1 mAh ecm™ at 1 mAcm™ for nine
cycles. At the final cycle, the cell was stripped to 1V to ensure all of the
lithium had been stripped out. The average CE was calculated from the
equation below, where Qs is the stripping capacity during the nine
cycles, Qg is the final stripping capacity, Q, is the plating capacity
during the nine cycles, and Q; is the initial reservoir capacity.

9XQS + va

Average CE = ————
9x0,+ O, 1)

The static leakage current at various potentials was measured with a
home-built, high-precision leakage current measuring system (based
on Keithley 2401 source meters). [52] The working electrodes were
held at each specific potential for 20 h at 30 °C.

2.3. Post-test analysis

For post-test analysis, the cycled cells were disassembled in an
argon-filled glove box, the cycled electrolyte was collected by dipping
the electrodes and the separator in a small amount of chloroform-d,
and samples were taken for nuclear magnetic resonance (NMR)
analysis. NMR spectra were measured with a Bruker Avance III HD
300 MHz spectrometer. The chemical shifts in parts per million (ppm)
are referenced to CDCls.

The morphology of the harvested electrodes was examined by
scanning electron microscopy (SEM) using a Hitachi S-4700-II micro-
scope at the Electron Microscopy Center, Argonne National
Laboratory.

X-ray photoelectron spectroscopy (XPS) was performed with a PHI
5000 VersaProbe II System (Physical Electronics). The base pressure is
~2 x 10 Torr. The spectra were obtained using an Al Ka radiation
(hv = 1486.6 V) beam (100 mm, 25 W), Ar* and electron beam sample
neutralization, in the fixed analyzer transmission mode.

3. Results and discussion
3.1. Electrochemical properties

Conductivity is one of the most important properties of any
electrolyte because it has a significant influence on the rate perfor-
mance of the battery. [6,53] Fig. 2 illustrates the conductivities as a
function of temperature of the cyclic carbonate-based electrolytes
tested, which consisted of 1.2 M LiPFg dissolved in a mixture of 30%
cyclic carbonate and 70% EMC. The electrolytes can be separated into
two groups according to their conductivity behavior. The EC-, FEC-,
DFEC-, and TFPC-based electrolytes demonstrated significantly higher
conductivities than the NFPEC- and HFEEC-based electrolytes within
the investigated temperature range, probably due to the high viscosity
induced by the long fluoroalkyl or alkoxy chains of NFPEC and HFEEC.
Nevertheless, the conductivities of all the electrolytes tested fall within
the same order of magnitude and are good enough for the operation of
LIBs.

Although the temperature dependence of the conductivity deviates
from typical Arrhenius behavior, it can be well described by the VTF
(Vogel-Tamman—Fulcher) empirical model (Eq. (2)). The applicability
of the VTF function to the conductivity trends implies a close relation-
ship between the conductivity and the viscosity of the electrolyte.
[54,55] In the VTF equation, o is the conductivity of the electrolyte,
0o is the pre-exponential factor, 7; represents the glass transition
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Fig. 2. Conductivity of various cyclic carbonate-based electrolytes from 10 °C to 60 °C.

Table 1
Fitting parameters for the cyclic carbonate-based electrolytes from VTF equation.

Electrolyte (1.2 M LiPFg) B/K 6 o/mScm! To/K
EC:EMC 3:7 341 99.5 162
FEC:EMC 3:7 384 116 144
DFEC:EMC 3:7 200 47.2 188
TFPC:EMC 3:7 339 89.6 163
NPFEC:EMC 3:7 368 72.1 168
HFEEC:EMC 3:7 360 71.7 179

temperature, T represents the absolute temperature, and B is related to
the activation energy of ion transport associated with the configura-
tional entropy of the electrolyte. The fitting parameters for the cyclic
carbonate-based electrolytes from the VIF equation are displayed in
Table 1. The electrolyte containing FEC shows the highest activation
energy for ion transport while that for the DFEC-based electrolyte is
the lowest. It is noteworthy that the activation energy of the DFEC-
based electrolyte is significantly lower than that of the other cyclic
carbonate-based electrolytes, which is likely induced by the low
dielectric constant and viscosity of DFEC.

Ino = Inoy +
T-T, @

3.2. Stabilization of lithium metal anode

The Li/Li symmetric cell was used to investigate the plating/
stripping stability of the Li metal electrode in the cyclic carbonate-
based electrolytes, where a current density of 2 mA cm™ was used to
cycle the cell. As depicted in Fig. 3a, the cell cycled in the conventional
EC-based electrolyte shows a high voltage polarization and random
voltage fluctuation, which indicate a high impedance interface due to
the growth of the lithium dendrite. Meanwhile, the cell cycled in the
DFEC-based electrolyte shows good cycling stability and demonstrates
that this electrolyte can enable reversible plating-stripping of Li* on the
lithium metal electrode. Fig. 3b shows the voltage with the FEC- and
DFEC-based electrolytes for over 1000 h. It is clear that both electro-
lytes display supreme capability in stabilizing the lithium metal surface
and facilitating the lithium plating/stripping process. However, the
voltage polarization with the FEC-based electrolyte gradually increases
from 25 mV at 100 h to 35 mV at 1000 h, while the voltage polarization
of the DFEC cell remains 15 mV throughout the test. Thus, the DFEC-
based electrolyte displays better lithium stability than the FEC-based
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Fig. 3. Voltage profiles for Li/Li symmetric cells cycled at 2 mA ecm™ with (a) 1.2 M LiPFg plus EC/EMC and 1.2 M LiPF, plus DFEC/EMC electrolytes; (b) 1.2 M LiPF, plus FEC/EMC

and 1.2 M LiPF¢ plus DFEC/EMC electrolytes. All solvent mixtures have 3:7 volume ratio.

electrolyte. The results of Li/Li symmetric cell testing for the TFPC-,
NFPEC-, and HFEEC-based electrolytes are shown in Fig. S7 together
with the EMC-based electrolyte. Apparently, the SEI formed on lithium
metal by the electrolyte with no cyclic carbonate is inefficient in
facilitating the plating/stripping of lithium, resulting in very high
voltage polarization (>5V) after just one cycle. The addition of
TFPC, NFPEC, or HFEEC offers no benefit over pure EMC electrolyte
as the Li/Li symmetric cells with cyclic carbonates also displayed very
high voltage polarization (> 5 V) after just one cycle. This implies that
the SEI formed with TFPC, NFPEC, or HFEEC was not capable of
enabling stable lithium plating and stripping.

To evaluate the stability of lithium plating/stripping on copper
working electrode, we tested Li/Cu cells with various electrolytes. [29]
The Li/Cu cells were cycled at a current density of 1 mAcm™, and
lithium was repeatedly plated at 2 mA h cm™ and then stripped to 0.5 V
for 20 cycles. As depicted in Fig. 4, the CE of the Li/Cu cell is
significantly lower for the EC-based electrolyte than the FEC- or DFEC-
based electrolyte, which indicates a severe electrolyte decomposition
side reaction. The 20-cycle average CE of the EC-based electrolyte is
only 52% while those of the FEC- and DFEC-based electrolytes are 94%
and 96%, respectively. These results unambiguously demonstrate the
superior ability for FEC- and DFEC-based electrolytes to stabilize
lithium metal anode when compared to the conventional EC-based
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Fig. 4. Coulombic efficiency of Li plating/stripping using Li/Cu cells cycled at 1 mA cm™
with 1.2M LiPFs plus EC/EMC, FEC/EMC, and DFEC/EMC electrolytes. All solvent
mixtures are 3:7 volume ratios.

electrolyte. It is noteworthy that the cyclic carbonate DFEC outper-
forms FEC, which is believed to be a more promising SEI enabler for
LMBs [26-28,41,42] in the stabilization of the lithium metal anode. To
further verify this finding, we performed a 10-cycle average CE
approach to the Li/Cu cell test, which is slightly modified from the
procedure of Chen et al. [34] Fig. S8 shows the voltage profile and
average CE of the ten-cycle average approach to the Li/Cu cell test
using the FEC- and DFEC-based electrolytes. The average CE of the
DFEC-based electrolyte is 97.1%, which is significantly higher than that
of the FEC-based electrolyte (92.8%). Thus, DFEC was identified for
the first time as a highly promising SEI enabler for LMBs.

The Li/Cu cell test was also conducted for the 1.2 M LiPFg with pure
EMC and the three fluoroalkyl-substituted cyclic carbonates combined
with EMC, as illustrated in Fig. S9. The CE of the pure EMC electrolyte,
together with the TFPC-, NFPEC-, and HFEEC-based electrolytes, was
nearly 0%. This finding implies that no stable SEI was formed, and the
plated lithium reacted immediately with the electrolyte, and thus, no
reversible lithium could be stripped out of the copper electrode. The
results suggest that fluoroalkyl and alkoxy substituents on cyclic
carbonates not only provide no benefit over EC, but instead are highly
detrimental for the plating and stripping of the lithium metal anode.

3.3. Electrochemical performance

To further verify the effectiveness of DFEC as a novel SEI enabler
for the lithium metal anode and high-voltage electrolyte solvent, Li/
NMC622 cells with various cyclic carbonate-based electrolytes were
subjected to cycling tests. Four formation cycles at C/10 rate were
conducted before subsequent higher current density cycling at the C/3
rate. As illustrated in Fig. 5a, the cell utilizing the non-substituted EC-
based electrolyte shows abrupt capacity decline after about 120 cycles.
This phenomenon can be ascribed to the formation of a resistive
surface layer on the lithium metal anode, resulting in a drastic increase
in cell impedance and the failure of the battery. [35] The cells with
TFPC- and EC-based electrolytes showed similar cycling behavior:
roughly the same first-cycle CE and 100-cycle capacity retention rate
and cell failure after around 120 cycles. These results suggest the
ineffectiveness of the SEI formed by the fluoroalkyl-substituted cyclic
carbonate in stabilizing lithium metal cycling. This is further supported
by the cycling performance of the Li/NMC622 cell using NFPEC-based
electrolyte as depicted in Fig. S10. The long fluoroalkyl side chain of
NFPEC leads to the formation of a highly resistive surface film,
rendering the failure of the Li/NMC622 cell after only 20 cycles. The
performance of the cell with HFEEC-based electrolyte was even worse.
The surface film formed by the HFEEC-based electrolyte was so



C.-C. Su et al.

~
=
~—’

N
=
=)

-
3
=3

-
I
o

120

©
=3
L

Specific Discharge Capacity/ mAhg'

]

60 -
-
H = 12M LiPF 4 EC/EMC 377

- " = 12M LiPFFEC/EMC 27
- w 12M LiPF,DFEC/EMC 377
k w 12M LiPF, TFPC/EMC 377

0 geenp e s n
0 100 200 300 400

Cycle Number

~

=2

—
3
N

°

S

>

o

&

@

o

i

o

2

&

S

-

o » 1.2M LiPF, EC/EMC 37

o - . ¥ 1.2M LiPF, FEC/EMC 377

® 1.2M LiPF, DFEC/EMC 3/7

" ' 5 1.2M LiPF, TEPC/EMC 377

0 100 200 300 400
Cycle Number

Fig. 5. Cycling performance of Li/NMC622 cells using 1.2 M LiPF plus EC/EMC, FEC/
EMC, DFEC/EMC, and TFPC/EMC electrolytes (3/7 volume ratios) at room tempera-
ture. (a) Specific discharge capacity and (b) Coulombic efficiency.

resistive that the cell failed after only 10 cycles (Fig. S10). Table S1
summarizes the first-cycle CE, first-cycle specific discharge capacity,
and capacity retention after 100 and 300 cycles for Li/NMC622 cells
using various cyclic carbonate-based electrolytes. These cycling results
clearly show the adverse effect of fluoroalkyl and alkoxy substituents in
the cyclic carbonate on the cycling performance. Together with the
detrimental effect of these cyclic carbonates on the plating/stripping of
lithium metal anode shown above, it is apparent that fluoroalkyl- or
alkoxy-substituted cyclic carbonate should not be used in high-voltage
electrolyte for lithium metal batteries.

By contrast, the Li/NMC622 cells employing FEC- and DFEC-based
electrolytes demonstrated very stable cycling capability, corroborated
by the steady cycling of Li/NMC622 cells for more than 400 cycles
without abrupt capacity drop. These findings are consistent with the
Li/Cu cell tests, which suggest FEC- or DFEC-based electrolyte can
enable much better lithium plating/stripping than EC-based electro-
lyte. The results suggest that a protective SEI was formed on the
lithium metal surface by FEC or DFEC, facilitating the cycling of
lithium metal. It is clear that fluorine-substituted cyclic carbonates are
highly beneficial to the cycling of the lithium metal anode. As shown in
Fig. 5b, the average 100-cycle CE of the Li/NMC622 cell with EC-based
electrolyte was only 98.35%, which is significantly lower than that for
the FEC-based electrolyte (99.74%). The utilization of the DFEC-based
electrolyte further increases the average 100-cycle CE to 99.91%,
resulting in an outstanding 100-cycle capacity retention rate of
94.1%, which is significantly higher than that of FEC- and EC-based
electrolytes (83.3% and 85.6%, respectively). The prolonged cycling
with the DFEC-based electrolyte was also superior to that of the FEC-
based electrolyte, as indicated by the 400-cycle capacity retention rate
of the former being 83%, more than double that of the latter (40%). To
the best of our knowledge, this is the first time that DFEC has been
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Fig. 6. Variation of the static leakage current as a function of potential for different cyclic
carbonate-based electrolytes in Li/NMC622 cells.

identified as the best SEI enabling cyclic carbonate for lithium metal
batteries.

The formation of stable SEI on lithium metal by DFEC was also
supported by the electrochemical impedance study. Figs. S1la and
S11b depict the impedance spectra of Li/NMC622 cells employing EC
based electrolyte and DFEC based electrolyte after 3 formation cycles
and 100 cycles respectively. While the total resistance of the cell using
EC based electrolyte was relatively low compared to the cell using
DFEC based electrolyte after the formation cycles, the resistance of EC
cell built up very quickly and the total resistance was significantly
higher than that of DFEC cell after 100 cycles. This fast impedance
growth was accounted for the rapid failure of the Li/NMC622 cell using
EC based electrolyte because of the instability of SEI generated by EC.

To better understand the high voltage stability of the different cyclic
carbonate-based electrolytes, a leakage current measurement system
was used to monitor the rate of parasitic reactions of the high voltage
cathode. The static leakage current was measured for a set of Li/
NMC622 cells that were placed at a constant temperature of 30 °C. [52]
Fig. S12 shows a typical current relaxation curve for the EC-based
electrolyte, which was collected to extract the static leakage current.
The values for the static leakage current of the cyclic carbonate-based
electrolytes generally increased exponentially with potential, which can
be explained by the Tafel equation. [52,56] As depicted in Fig. 6, Li/
NMC622 cells with NFPEC- and HFEEC-based electrolytes display the
highest leakage current from 4.2V to 4.7V, revealing the poor high
voltage stability of these electrolytes on the NMC622 cathode. The
TFPC-based electrolyte is more stable than the EC-based electrolyte at
relatively low voltage (<4.4V) on the NMC622 working electrode,
evidenced by the low static leakage current. However, the leakage
current for the TFPC-based electrolyte increased drastically and was
significantly higher than that of the EC-based electrolyte when the cell
potential was larger than 4.5V, rendering TFPC-based electrolyte not
suitable for high voltage application. These results again indicate the
negative effect of fluoroalkyl- or alkoxy-substituted cyclic carbonates on
high-voltage lithium metal batteries. In contrast, the cells with FEC-
and DFEC-based electrolytes demonstrated lower values of static
leakage current than the cell with EC-based electrolyte, implying that
they possess higher resistance to oxidation. Moreover, the leakage
current with the DFEC-based electrolyte was the lowest throughout the
test, revealing that DFEC has the highest oxidation potential among all
the cyclic carbonates tested and supporting the observation that the
cycling performance with this electrolyte is also the best.
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Fig. 7. SEM images of the harvest Li anodes: (a, b) cross section for the harvested Li anodes in the EC-based electrolyte, (c) cross section for the harvested Li anode in the DFEC-based

electrolyte, and (d) top view for the harvested Li anode in the DFEC-based electrolyte.
3.4. Surface film morphology, compositions, and stability

To gain an in-depth understanding of the mechanism behind the
stabilization of the lithium metal anode by DFEC, we applied various
analysis techniques, including scanning electron microscopy (SEM),
X-ray photoelectron spectroscopy (XPS), and nuclear magnetic reso-
nance (NMR), to probe the interfacial environment between the
lithium metal anode and the electrolyte.

The SEM was used to characterize the morphologies of the Li metal
anodes after 100 cycles in the EC- and DFEC-based electrolytes.
Figs. 7a and 7b show the cross section for the harvested Li anodes
cycled in the EC-based electrolyte. It is clear that a porous corrosion
layer had formed that was more than 200 pm thick, implying the SEI
formed by the EC-based electrolyte was not able to protect the Li metal
against parasitic reactions. As a result, continuous corrosion of lithium
metal happened, and a large amount of dead lithium was subsequently
generated. Fig. 7c shows a cross-sectional view of the harvested lithium
anode in the DFEC-based electrolyte. The SEI is less porous and
thinner (10 pm) compared to the cycled lithium metal with the EC-
based electrolyte. Fig. 7d gives a top view for the harvested Li anodes
with the DFEC-based electrolyte, illustrating the suppressed dendrite
formation on the interface and a much smoother lithium metal surface.

Figs. 8a and 8b show the Cls XPS spectra for the surface of the
harvested lithium metal anode after 100 cycles from the Li/NMC622
cells using EC- and DFEC-based electrolytes, respectively. The ex-
istence of similar functional groups indicates that similar organic
decomposition products, such as lithium carbonate, lithium alkoxides,
lithium semicarbonates, and organic polymers, are present in both
anodes. Figs. 8¢ and 8d show the P2p spectra of the cycled lithium
anodes with the EC- and DFEC-based electrolytes, and both lithium
anodes contain significant amounts of LiPFs decomposition products,
such as Li,POyF, and Li,PF,. Figs. 8e and 8f display the Fls XPS
spectra of the surface of the harvested lithium metal anode after 100
cycles from the Li/NMC622 cells using EC- and DFEC-based electro-
lytes, respectively. The results reveal that the fluorine-containing

chemical components on the surface of the cycled lithium anodes were
mainly LiF, Li,PO,F,, and LiPF,, resulting from the electrolyte
decomposition. Apparently, a relatively high content of LiF (685 eV)
was found on the surface film of the harvested lithium anode cycled in
DFEC-based electrolyte, as shown in Fig. 8b. It was previously reported
that the mono-fluoroethylene carbonate FEC can sacrificially reduce to
form a LiF-rich SEI layer, which can lead to improved cycling
performance of the lithium metal anode by shutting down electron
tunneling and inhibiting SEI growth [26]. With two fluorine atoms
substituted on the ring, DFEC can possibly generate a more compact
SEI layer with higher content of LiF in a faster manner, leading to
enhanced stability towards the lithium metal anode. These results also
agree with the finding that the DFEC-based Li/NMC622 cell demon-
strated enhanced cycling performance. Figs. S13a and S13b display the
energy-dispersive X-ray (EDS) spectra of lithium metal electrodes
harvested from Li/Li symmetric cells after 30 cycles using FEC based
electrolyte and DFEC based electrolyte respectively. It is clear that the
F element content in the SEI layer of the cycled lithium electrode in
DFEC based electrolyte system (34% F) was significantly higher than
the cycled lithium electrode in FEC based electrolyte system (17% F),
suggesting that DFEC based electrolyte generated a more LiF-rich SEI
than FEC based electrolyte.

NMR spectroscopy was utilized to characterize the electrolyte
decomposition products. Figs. 9a and 9b depict the proton NMR
spectra of the electrolyte collected after 100 cycles from the EC- and
DFEC-based Li/NMC622 cells, respectively. A significant amount of
dimethyl carbonate (DMC) and diethyl carbonate (DEC) was present in
the cycled EC-based electrolyte. The molar ratio of DMC to EMC was
determined to be 1 to 2.6, demonstrating severe transesterification
reactions. It is well known that EMC can undergo transesterification
reactions to produce DMC and DEC in lithium-ion batteries. These
transesterification reactions are mainly caused by the nucleophilic
attack of lithium alkoxides, which are the products of linear carbonate
reduction on the anode surface, to the EMC molecule. Thus, the degree
of transesterification reactions can reflect how well the anode has been
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Fig. 8. XPS data for lithium anodes cycled in (a, ¢, €) EC-based electrolyte and (b, d, f) DFEC-based electrolyte.

passivated. [36,37,57] Apparently, the passivation of the anode by the
EC-based electrolyte is relatively inferior, evidenced by the large extent
of the transesterification reactions. In contrast, the transesterification
byproducts of DMC and DEC could barely be detected in the cycled
DFEC-based electrolyte by proton NMR, suggesting excellent passiva-
tion of the lithium metal anode against side reactions. These NMR
results are consistent with the previous observation that the DFEC-
based electrolyte is able to form a protective SEI layer on the lithium
metal anode, which not only facilitates the lithium plating and
stripping, but also mitigates further electrolyte decomposition. Taken
together, these results indicate that the DFEC-based electrolyte allows
the stable cycling of high-voltage lithium metal batteries.

4. Conclusion

We performed a comprehensive study regarding the effect of different
substituents on cyclic carbonates, which are vital SEI enablers in lithium
batteries. Various cyclic carbonates with different substituted groups were
designed and synthesized. Unsubstituted ethylene carbonate was not

capable of forming an effective SEI on the lithium metal surface, impeding
its use as electrolyte solvent in LMBs. Cyclic carbonates with fluoroalkyl
and alkoxy groups were found to be not only detrimental to the lithium
metal anode, but also not stable at high cell voltage. In contrast, the FEC-
and DFEC-based electrolytes are not only able to initiate the formation of
protective SEIs that can facilitate the plating/stripping of lithium, but also
display enhanced oxidation stability on NMC cathode. The high-voltage
Li/NMC622 cells utilizing the FEC- and DFEC-based electrolytes demon-
strated superior cycling ability over the cell using EC-based electrolyte.
The cyclic carbonate DFEC was recognized for the first time as an effective
SEI enabler for LMBs. The performance of the Li/NMC622 cell with
DFEC-based electrolyte was significantly better than that of FEC-based
electrolyte. Its capacity retention was larger than 82% after 400 cycles and
its average CE was 99.95%. The highly stable cycling of this cell originated
from the formation of a compact SEI on the lithium metal anode and the
DFEC having relatively high content of LiF and intrinsically high oxidation
potential. This study provides critical guidance for the design and
selection of cyclic carbonates that would serve as important SEI enablers
for high-voltage LMBs.
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