
� 2) NMC811 cathodes and minimal Li excess
anodes (negative/positive capacity ratio (N/P ratio)< 3.1) can achieve� 189 stable cycles with an average ef� ciency of� 99.86% at
1 C charge and C/3 discharge at 60 °C.
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Range anxiety is a major obstacle hindering acceptance of
battery-powered electric vehicles (EVs) by consumers.1–4 The
effective strategies to alleviate this anxiety include increasing the
energy density of the batteries4 and/or providing the consumers with
extremely fast (� 10 min) and convenient charging.3,5 To boost
battery speci� c energy beyond that of state-of-the-art Li ion batteries
with graphite anodes to above 300 Wh kg� 1, development of next-
generation batteries with high capacity anode and/or cathode
materials is required. Lithium (Li) metal has been regarded as the
most promising anode material for next-generation batteries since it
has the lowest electrochemical potential (� 3.04 V vs standard
hydrogen electrode (SHE)) as well as a theoretical capacity as
high as 3,860 mAh g� 1.6–8 However, there are several challenges
that impede the practical use of Li metal anodes, including low
Coulombic ef� ciency (CE) due to parasitic reactions between Li
metals and liquid electrolytes as well as uncontrolled Li dendrite
formation/growth which may cause internal shorting and safety
issues.8–10

During the past decade, Li metal batteries (LMBs) with Li metal
as the anodes have been extensively studied and many strategies
have been developed with focus on increasing the Li CE and/or
suppressing the formation/growth of Li dendrites.7–11 The strategies
reported in the literature include Li surface protection,12–14 three
dimensional host/matrix implementation,15–19 Li alloying with other
elements,20–22 modi� cation of liquid electrolyte formula,23–28 adop-
tion of highly concentrated electrolytes,11,29–42 and the use of solid
electrolytes.15,43–46 Among these strategies, highly concentrated
electrolytes (HCEs) have attracted much attention.32–42,47 In
HCEs, the Li metal anode can be stably cycled with a high Li CE
due to the solvation of a majority of the initial solvent with Li ions,
leaving a small free solvent fraction. This strategically reduces the
parasitic reaction between Li metal and free solvents.11,48 Moreover,
Li dendrite formation/growth can be effectively suppressed by the
robust, LiF-rich solid-electrolyte interphase (SEI) layer formed on
the Li surface in HCEs, which is derived from the reduction of salts
rather than solvents.11,48 Most recently we demonstrated that an
ether-based HCEs (such as 3–5 M lithium bis(� uorosulfonyl)imide
(LiFSI) dissolved in 1,2-dimethoxyethane (DME)) can enable stable
operation of LMBs with high-voltage layered oxide cathodes such as

LiNi 0.6Mn0.2Co0.2O2 (NMC622) at room temperature and elevated
temperatures.4 In our work, LMBs with NMC622 cathodes and
minimal excess Li metal anodes (negative/positive capacity (N/P)
ratio of only 2.12) have been cycled for 200–300 cycles at 60 °C in
ether-based HCEs. Pouch cells designed based on the same cell
components as the coin cells reported in our work are expected to
have an energy density of� 250 Wh kg� 1.4 As an extension of the
HCE approach, the introduction of inert diluents, which reduce the
electrolyte viscosity to yield so-called localized HCEs, has been
previously reported by other groups.41,49,50 For example, Chen
et al.41 reported a localized HCE such as 1.2 M LiFSI dissolved in a
mixture of dimethyl carbonate (DMC) and bis(2, 2, 2-tri� uoroethyl)
ether (BTFE) (DMC/BTFE= 1:2 by mol) that enables dendrite-free
cycling of lithium-metal anodes with high Coulombic ef� ciency
(99.5%) and excellent cycling stability of Li�� LiNi 1/3Mn1/3Co1/3O2
(NMC333) batteries.

Beyond high Li CE and dendrite-free cycling, high energy-
density is equally critical to practical LMB development. LMBs
reported in the literature often adopt very thick (� 250� m) Li anodes
containing more than an order of magnitude of Li greater than the
amount actually being cycled, which signi� cantly reduce the energy
density of LMBs.4,6,51,52 Such LMBs cannot be implemented for
practical use since they cannot achieve high practical energy
density.4 Recently, much effort has been dedicated to developing
energy-dense LMBs (� 300 Wh kg� 1) by minimizing the excess
amount of the Li metal anode (N/P ration� 3), and adopting high
voltage and high areal capacity cathodes, and/or reducing the
amount of non-active components.6,18,28,37,50,52–54

As mentioned, fast charging of energy-dense batteries offers a
complementary solution to range limitations in automotive batteries.
In the literature, there are a few reports on cycling stability of LMBs
under fast-charging conditions (i.e., at a high charge C-rate).55–57

For example, Lu et al.55 investigated the effect of charge rate (from
0.2 C to 4 C) on the cycling behavior of LMBs with 0.45 mm thick
Li chips and Li(Ni0.85Co0.10Al0.05)O2 (NCA) cathodes with a areal
capacity of 2 mAh cm� 2 in conventional liquid electrolytes such as
1 M LiPF6 in EC/EMC (4:6 by weight). It was found that increasing
charge C-rate from 0.2 C to above 1 C signi� cantly reduces the cycle
life from > 200 cycles to< 20 cycles, in spite of the thick Li foil used
in the cell. They believed that at high current densities (i.e., high
C-rate), the quick formation of highly resistive SEI layer entangled
with Li metal, which grows towards the bulk Li, dramatically
increases the cell impedance and serves as the origin of cell
degradation and failure. Zheng et al.57 demonstrated that a Li metalzE-mail: cxw31@psu.edu
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battery with a thick Li foil and a Li(Ni0.4Mn0.4Co0.2)O2 (NMC422)
cathode with an areal capacity of 1.75 mAh cm� 2 retained� 97.1%
capacity retention after 500 cycles at 1 C charge-discharge rate when
the cell was cycled in a mixed salt (0.6 M LiTFSI+ 0.4 M LiBOB +
0.05 M LiPF6) carbonated-based liquid electrolyte. Although en-
ergy-dense LMBs reported in the literature can achieve a relatively
decent cycle life, typically very low charge C-rates, such as C/3 to
C/10, are applied.18,28,50,53,54 Few energy-dense LMBs can be stably
cycled at a high charge C-rate (such as� 1 C), limited by the liquid
electrolyte properties (e.g., low ionic conductivity)32,34,39,47 and/or
low Li CE at high current density.

In this work, we build on our previous work by employing
Li(Ni 0.8Co0.1Mn0.1)O2 (NMC811) as the cathode material, which
possesses higher speci� c capacity and lower Co content relative to
NMC622.58 We present a LMB which can achieve an energy density
of � 350 Wh kg� 1 in pouch cell format by using a high areal capacity
NMC811 cathode and a Li metal anode with minimal excess (N/P
ratio � 3.1). We then demonstrate the cycling stability of such
energy-dense LMBs at high charge rates (� 1 C).

Experimental

Electrolyte preparation.—Battery-grade LiFSI salt，DME sol-
vent, trially phosphate (TAP) additive were sourced from Nippon
Shokubai in Japan, Sigma-Aldrich and TCI American, respectively.
1, 1, 2, 2-Tetra� uoroethyl 2, 2, 3, 3-tetra� uoropropyl ether (TTE)
was used as an inert diluent and was obtained from Synquest
Laboratories, Incorporated. The electrolyte was prepared using a
similar method to that reported in our previous work.4 Brie� y, DME
and TTE was mixed and stirred to yield a mixed solvent, and then
LiFSI salt was dissolved in the mixed solvent under mechanical
stirring followed by the addition of TAP. The� nal composition of
the electrolyte was LiFSI: DME: TTE= 1: 1.2: 3 (denoted as LiFSI-
1.2DME-3TTE) with 1 wt. % TAP and the LiFSI concentration in
the electrolyte was about 1.5 M. The electrolyte was prepared in an
Ar-� lled MBraun glove box with an oxygen level of< 0.1 ppm and
H2O level of < 0.1 ppm.

Coin cell preparation.—Two types of CR2032-type coin cells
were used in this work: Li∣∣ Cu and Li ∣∣ NMC811 cells. Thick
(250 μm) and thin (50μm) Li chips were used in the former and
latter coin cells, respectively. Li chips with a thickness of 250μm
were obtained from MTI Corporation, USA; while Li foils with a
thickness of 50μm coated on 10μm Cu foils were purchased from
AME Energy Corporation, China. NMC811 electrodes were fabri-
cated with active material loading of 16.5 mg cm� 2 on 15μm Al
foil. The single Li ∣∣ Cu coin cell used in this work consisted of a Li
chip with a thickness of 250μm and a diameter of 9 mm, a layer
of Celgard-2325 separator with a thickness of 25μm, and a piece
of Cu disc with a thickness of 10μm and a diameter of 19 mm.
Each Li ∣∣ NMC811 coin cell consisted of a Li foil anode, a
layer of Celgard-2325 separator with a thickness of 25μm, and a
NMC811/Al foil disc with a diameter of 14 mm as a cathode. The Li
foil anode used in the Li∣∣ NMC811 coin cell was a Li disc with a
thickness of 50μm and a diameter of 15–16 mm cut in-house from
as-obtained Li foil coated on Cu foil. For each Li∣∣ Cu or Li ∣∣
NMC811 coin cell, approximately 100μl of the electrolyte was
used. The coin cells were also prepared in Ar-� lled MBraun glove
box. The detailed method for the coin cell preparation can be found
in our previous work.4

Electrochemical characterization.—All electrochemical tests
were carried out with either a Land battery testing system (Model:
CT2001A, Wuhan Land, China) or an Arbin battery testing system
(Model: BT2000, Arbin, USA). To measure the Li Coulombic
ef� ciency (CE) with a Li∣∣ Cu coin cell, Li was� rst electroplated
onto the Cu foil at a prescribed current density to achieve a total
plating capacity of 3 mAh cm� 2, and then the plated Li was stripped
from the Cu foil until a cut-off voltage of� 1.0 V was reached. The

plating/stripping cycle was repeated for several tens or hundreds of
sequential cycles under different current densities and temperatures
to determine the Li CE and investigate the cycling stability of Li
metal anodes. For fresh Li∣∣ NMC811 coin cells, after several
formation cycles at room temperature (RT), the charge/discharge
performance of the fresh cells was characterized using a C/10 rate in
a voltage range of 2.8–4.2 or 2.8–4.3 V at a required temperature
(either RT, 40, or 60 °C). For the C/10 performance characterization,
an additional constant voltage (CV) step was added to the charging
process: during the CV step, cells were kept at a cut-off charge
voltage of 4.2 or 4.3 V until a cut-off current corresponding to C/20
was reached. After C/10 performance characterization, the coin cells
were cycled at a required C-rate in the voltage range of 2.8–4.2 V or
2.8–4.3 V. For each aging cycle, an additional CV step was also
added to the charging process, during which the cells were kept at a
cut-off voltage of 4.2 or 4.3 V until a current corresponding to a
certain C-rate (such as C/10 or C/3) was reached. The current
densities corresponding to all C-rates were calculated based on the
actual discharge capacity of each respective fresh coin cell obtained
from the C/10 performance characterization. The cycling test was
interrupted from time to time for the C/10 performance character-
ization (as reference performance test) and electrochemical impe-
dance spectroscopy (EIS) testing. The C/10 charge-discharge per-
formance of the aged cells was evaluated using the same method as
for the corresponding fresh cells. For the EIS measurement of fresh
and aged cells, the cells were fully charged to a cut-off charge
voltage (4.2 or 4.3 V) using a C/10 rate and then discharged to 90%
state of charge (SoC) using a C/10 rate. The EIS testing was
performed using a Modulab testing system (Ameteck Scienti� c
Instrument, USA) with a frequency range of 1 M to 0.01 Hz and ac
amplitude of ±5 mV.

Results and Discussion

Temperature effect on the performance of fresh Li ∣∣ NMC811
coin cells.—Increasing temperature can enhance the ionic conduc-
tivity and Li-ion diffusion coef� cient of HCEs, facilitate the kinetics
of electrode reactions, and promote the Li solid diffusion in cathode
active material particles,3,34,42,59 which are all bene� cial to fast
charging of LMBs, particularly in ether-based HCEs. However, at
elevated temperatures, ether-based HCEs in contact with NMC
become unstable at high voltages.4 Our recent work demonstrated
that a small amount (typically 1 wt. %) of TAP signi� cantly
enhances the cycling stability of LMBs with high-voltage NMC622
cathodes.4 Consequently, in this work, TAP is employed as an
additive in the localized ether-based electrolyte (LiFSI-1.2DME-
TTE) to enhance the electrolyte stability and cycling stability of
LMBs with high-voltage NMC811 cathodes.

First, the temperature effect on the performance of fresh LMBs
was investigated. Figure1 shows the performance of fresh Li (50μm
thick) ∣∣ NMC811 coin cells under C/10 charge/discharge at RT, 40,
and 60 °C. At RT, the cell delivered a C/10 discharge capacity of
� 204 and� 181 mAh g� 1 when cut-off charge voltage was 4.3 and
4.2 V, respectively. When operation temperature was increased from
RT to 40 °C, the C/10 discharge capacity delivered by the cell
increased to� 218 and 194 mAh g� 1 for charge cut-off voltages of
4.3 and 4.2 V, respectively, which was about 7% higher than that at
RT. When the operating temperature was further increased to 60 °C,
the C/10 discharge capacity increased to� 223 and� 201 mAh g� 1

for charge cut-off voltages of 4.3 and 4.2 V, respectively. This
indicates that compared with RT, the cell can deliver at least 9.3%
higher capacity and energy density at 60 °C. The high discharge
capacity and energy density at elevated temperature is attributed to
enhanced ionic conductivity and Li ion diffusion coef� cient of
HCEs, reduced electrolyte viscosity, fast kinetic of electrode
reactions at electrode/electrolyte interfaces and promoted Li solid
diffusion in NMC811 particles3,34,42,59

Figure2 shows a comparison of the impedance spectra of fresh
Li (50 μm thick) ∣∣ NMC811 coin cells under 90% state-of-charge
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(SoC) at RT and elevated temperature (40 or 60 °C). Note that the total
cell resistance (excluding the line attributed to diffusion) at RT varies
between the two cells (Figs.2a and2b) in spite of their identical cell
components and materials. This variation results from testing at
different temperatures (40 and 60 °C) prior to the impedance tests
(i.e., formation cycles). For Cell D shown in Fig.2b, the total cell
resistance was� 50.8 ohm cm2 at RT, exceeding that of Cell A shown
in Fig. 2a (� 30.9 ohm cm2), which is due to enhanced decomposition
of the ether-based electrolyte at higher temperatures during formation
cycles and C/10 performance characterization. However, for both
cells, with increasing operating temperature, the total cell resistance
substantially decreases. For Cell A, the total cell resistance was
� 15.9 ohm cm2 at 40 °C, almost half of that at RT. While for
Cell D, the total cell resistance decreased by� 81% from � 50.8 to
9.7 ohm cm2 when the temperature was increased from RT to 60 °C.
The substantial decrease in total cell resistance at elevated tempera-
tures is mainly due to enhanced ionic conductivity of HCEs as
well as fast kinetics of electrode reactions at electrode/electrolyte
interfaces.3,34,42,59 low cell resistance at elevated temperatures is key
to enable fast charging of LMBs in ether-based electrolytes.

Effect of temperature and current density on Li Coulombic
efficiency.—Li Coulombic ef� ciency (CE) is a crucial factor that

in� uences the cycle life of LMBs. Li Coulombic inef� ciency (CIE)
(CIE = 1 � CE) is indicative of the rate at which the Li metal anode
is consumed. Li CE (or CIE) is especially important when Li metal
anodes of limited excess Li (i.e. 20–50μm thickness) or Li-free
anodes are used.28,60,61 In the literature, most CE tests are performed
under low current density (� 1 mA cm� 2) and low plating capacity
(� 2 mAh cm� 2). Here, we perform Li CE tests at more practical
levels with 3 mAh cm� 2 plating capacity and current densities up to
9 mA cm� 2. Figures3 and S1 (available online atstacks.iop.org/
JES/168/060548/mmedia) show CE evolution with cycle number at
different current densities (i.e. C-rate) and two different tempera-
tures (RT and 60 °C) measured in a Li (250μm thick) ∣∣ Cu cell in
the localized ether-based HCEs. 3 mAh cm� 2 was chosen for plating
capacity as it is close to the areal capacity of NMC811 cathodes used
in this work. As shown in Figs.3a and S1b, the CE was quite stable
at 1 mA cm� 2 (i.e. C/3-rate) and RT for at least 400 cycles. After
that, Li plating/stripping cycling was performed for another 100
cycles at 3 mA cm� 2 (i.e. 1C-rate) and RT. Stable CE was achieved
at 1 C and RT (Fig. S1c) except for large� uctuation in CE during
the last several cycles. This is mainly due to the formation/growth of
Li dendrite at 1C-rate and RT which results in soft internal shorting.
When operating temperature was increased to 60 °C, this� uctuation
disappeared with continuous cycling at the same current density.
Temperature dependence of Li nucleation and growth behavior was
investigated by Yan et al.62 They found that increasing Li deposition
temperature results in large nuclei size, low nucleation density, and
compact growth of Li metal, avoiding the formation/growth of Li
dendrites at high temperature. Their study also showed that this
dendrite-free Li growth behavior is mainly due to the enhanced
lithiophilicity and the increased Li-ion diffusion coef� cient in
aprotic electrolytes at high temperature. Li et al.63 reported that
self-heating of the dendrites induced by high current density
operation can trigger extensive surface migration of Li, which heals
the dendrites and smoothens the Li metal surface. In this work, it
similarly appears that Li dendrites formed at room temperature
are dissolved by continuous plating/stripping cycling at elevated

Figure 1. Effect of temperature on the performance of fresh Li (50μm
thick) ∣∣ NMC811 cells under C/10 charge/discharge in the voltage range of
(a) 2.8–4.3 V, and (b) 2.8–4.2 V.

Figure 2. Effect of temperature on the impedance of fresh Li (50μm thick)
∣∣ NMC811 cells: (a) Cell A after two formation cycles at 40 °C, full charge
to 4.3 V, and discharge to 90% SoC (OCV= 4.176 V); and (b) Cell D after
two formation cycles at 60 °C, full charge to 4.2 V, and then discharge to
90% SoC (OCV= 4.079 V).
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charge/discharge C-rate and 40 °C, the CE remains quite stable CE
for � 70 cycles with an average CE of� 99.69% and then CE
gradually decreased with cycling during subsequent cycles (Fig.7b).
When operating temperature was increased from 40 to 60 °C, the cell
not only achieved higher discharge capacity for the fresh cell but
also showed better cycling performance at 1 C charge/discharge rate.
At 60 °C, the cell achieved a 1 C discharge capacity of� 3.034 mAh
cm� 2, � 8.4% higher than that at 40 °C. Moreover, the cell achieved
� 133 cycles at a 1 C capacity retention of 80% when cycled at a
1 C charge/discharge rate and 60 °C, a� 66% increase over the
� 80 cycles observed for the same C-rate and 40 °C. The higher
discharge capacity for the fresh cell and improved cycling perfor-
mance at 60 °C is due to higher Li CE (Fig.3), lower cell impedance
(Fig. 2), and smaller overpotential related to the Li plating/stripping
process (Fig.4). In addition, in the case of the cell cycled at 1 C
charge/discharge C-rate and 60 °C, the cell can achieve a quite stable
CE for � 130 cycles (� 99.76% CE on average). However, after 130
cycles, the CE also decreased with further cycling, which may be
due to soft internal shorting.

For practical use (e.g., electric vehicles), it is important to
investigate the cycling behavior of energy-dense LMBs at a charge
C-rate higher than 1 C. As shown in Fig.7, when the charge C-rate
during cycling was increased from 1 C to 2 C and 3 C while
operating temperature and discharge C-rate were kept the same

(i.e. 60 °C and 1 C), the cycling performance of the Li (50μm thick)
∣∣ NMC811 coin cells worsened. The cells achieved� 117 and� 39
cycles at 1 C capacity loss of 20% for 2 C and 3 C charge C-rate,
respectively. Similar to the cases of 1 C charge rate at 40 and 60 °C,
2 C and 3 C charge C-rate cycling at 60 °C resulted in a rapid capacity
decay during the� nal stages of cycling. During the earlier stages of
cycling (� 100 and� 30 cycles for 2 C and 3 C charge C-rate), the CE
was quite stable, representing an average CE of� 99.83 and� 99.56%,
respectively(Fig.7b). However, in the last phase of the cycling test for
both cases, the CE decreased quickly, which is probably due to soft
internal shorting caused by the formation/growth of Li dendrites and
explains the rapid capacity loss.

Figures8a–8c show the C/10 charge/discharge curves of fresh
and aged Li (50μm thick) ∣∣ NMC811 coin cells cycled under two
different charge/discharge C-rates (1C-1C and 2C-1C) and at two
different temperatures (40 and 60 °C). The C/10 capacity retention
as a function of cycle number for these cases is plotted in Fig.8d.
Both capacity fade and voltage fade were observed for all three
cases: (a) 40 °C and 1C-1C, (b) 60 °C and 1C-1C and (c) 60 °C and
2C-1C. The C/10 capacity retention follows almost the same trend
and remains> 90% for all three cases within 102 cycles (Fig.8d).
Based on the average Li CE of> 99% (Fig. 3) and the total
accumulated discharge capacity of� 253, � 295, and� 299 mAh
cm� 2 for � 102 stable cycles, the corresponding capacity of Li
consumed was calculated to be< 2.53, 2.95 and 2.99 mAh cm� 2 in
the case of (a) 40 °C and 1C-1C, (b) 60 °C and 1C-1C, and (c) 60 °C
and 2C-1C, respectively, which represent only 25%-30% of the
total areal capacity of Li foil anode with a thickness of 50μm
(� 10.5 mAh cm� 2). Thus, after 102 cycles, there was still excess Li
available at the anode, and the C/10 capacity loss within 102 cycles
is due to the capacity loss of NMC811 cathodes as well as the effect
of voltage fade caused by the increase in cell resistance. However, in
the � nal stage of cycling at 60 °C and 1C-1C, the C/10 capacity
retention decreased sharply from� 91.1% to� 67.4% from 102 to
152 cycles. This is mainly due to the formation of thick porous SEI
layer on Li foil, electrolyte dry-out/transport limitation, and sig-
ni� cantly increased cell resistance. When comparing the C/10
charge/discharge curve between the fresh and aged cells after
cycling for � 100 cycles, it was found that the voltage fade followed
the following order: 1C–1C at 40 °C> 2C–1C at 60 °C> 1C–1C at
60 °C. This difference in voltage fade is originated from the different
cell impedance. Clearly cycling at higher charge C-rate leads to fast
growth of porous SEI layer on Li foil and thus high cell impedance,
an effect that is exacerbated at lower temperatures.

To gain some meaningful insight into the failure mechanism of
LMBs cycled at high C-rate, we disassembled the cell aged for 156
cycles at 1C-1C and 60 °C (Fig. S4) in a glove box and reconstructed
two coin cells from the aged electrodes (Fig.9). One reconstructed
cell consisted of the aged Li foil and a fresh Cu foil� lled with fresh
HCE while the another cell consisted of a fresh Li foil (50μm thick)
and the aged NMC811 cathode in a fresh HCE. As shown in Fig. S4,
a thick and loosely adhered layer with a dark color was observed on
the Li foil, which was easily detached from the Li foil and attached
to the separator. This layer is assumed to be the porous SEI layer due
to the reaction of Li metal and electrolyte. In the area of the anode
where the SEI layer was detached, the unused Li foil can be
observed. The surface of NMC811 cathode seems smooth without
any damage noticeable to the naked eye. The side of the separator
towards the Li metal anode appeared to contain some debris due to
the attachment of the SEI layer, while the side that faced the
NMC811 cathode looked quite clean. From the re-constructed Li∣∣
Cu coin cell, we obtained the capacity of the remaining Li foil of
13.0 mAh (Fig.9a). The loss in areal capacity of Li foil( )Qloss can
be calculated based on Eq.1, whereSLi foil andSC are the area of Li
foil with a diameter of 15.5 mm and the area of NMC811 cathode
with a diameter of 14 mm, respectively. The calculated loss in areal
capacity of Li foil is 4.42 mAh cm� 2, which is� 42% of the original
capacity of Li foil with a thickness of 50μm. Since the total

Figure 7. (a) Discharge capacity and (b) Coulombic ef� ciency as a function
of cycle number for Li (50μm thick) ∣∣ NMC811 cells. The cells were cycled
under different charge/discharge C-rates in the voltage range of 2.8–4.2 V at
40 and 60 °C, respectively. Please note that the magenta spike data points in
Fig. 7a are for C/10 charge/discharge during reference performance tests.
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accumulated discharge capacity was� 410 mAh cm� 2 over 156
cycles, the Li CIE can be calculated to be� 1.08%, and corre-
sponding Li CE was� 98.92%, which was close to the value
measured with Li∣∣ Cu coin cells (Fig.3). On the other hand, the
reconstructed cell consisting a fresh Li foil (50μm thick) and the
aged NMC811 cathode with fresh HCE showed very poor perfor-
mance, as shown in Fig.9b. The cell delivered only� 80 and
101 mAh g� 1 at a C/10 and C/20-rate, respectively, which were
much lower than that of a fresh cell shown in Fig.1b (201 mAh g� 1

at C/10-rate). This indicates that the cathode performance signi� -
cantly decays with cycling, especially in the� nal stage. The
degradation of NMC811 cathode may be due to the formation/
growth of highly resistive� lms on the surface of NMC811 cathode
caused by the decomposition of the electrolyte at high voltage and
high temperature, which results in severe mass transport limitation.

= ( ⁎ − ) [ ]−Q 10.5 mAh cm S 13.0 mAh S 1loss
2

Li foil C

To further increase the cycle life of LMBs, we shortened the
exposure time to high voltage by increasing the cut-off current for
the constant voltage (4.2 V) charging phase from C/10 to C/3. We
also reduced the discharge C-rate from 1 C to C/3 to avoid severe
mass transport limitation during the discharge process. Figure10
shows the cycling performance of a Li (50μm thick) ∣∣ NMC811 cell
under 1C-C/3 charge-discharge with a voltage window of 2.8–4.2 V
at 60 °C. For comparison, the cycling performance of an equivalent
cell cycled under 1C-1C charge-discharge rates with the same
voltage range and temperature was also plotted. Although there
was a slight decrease in initial C/3 discharge capacity due to the CV

cutoff current increase, the cycle performance of the cell was
enhanced. The cell achieved� 158 and � 189 cycles at a C/3
capacity retention of 80% and 70%, respectively. The cell also
achieved a stable ef� ciency for � 189 cycles with an average
ef� ciency of � 99.86%, which was higher than that of the cell
cycled at 1C-1C with a cut-off current of C/10 during the CV step
(i.e., � 99.76%). This implies that shortening the time of exposure to
high voltage can reduce the amount of electrolyte decomposition and
thus enhance the cell cycle life. After� 189 cycles, the cell failed
suddenly with a sharp decay in the discharge capacity and a
signi� cant decrease in the cell ef� ciency, which is believed to
stem from soft internal shorting caused by the formation/growth of
Li dendrites. A practical pouch cell using the same electrode and
electrolyte used in this work can achieve an energy density of� 320
and� 350 Wh kg� 1 at RT and 60 °C, respectively (Table SI). Such
an energy-dense cell can stably operate for 158� 189 cycles at a
relatively high charge C-rate such as 1 C, outperforming most of
reported work in the literature (Table SII).

Conclusions

The cycling stability of energy-dense LMBs with high areal
capacity NMC811 cathodes and minimal excess Li metal anodes (N/
P ratio of 2.8–3.1) at different charge rates and temperatures was
investigated in ether-based HCEs. It is found that the cell can
achieve notable cycle performance (200–350 cycles) at a low charge/
discharge C-rate (such as C/3) and a moderately elevated tempera-
ture (such as 40 °C). However, high charge/discharge C-rate (such as
1 C) is detrimental to the cycle performance at 40 °C. Further

Figure 8. C/10 charge/discharge curve (voltage vs capacity) of fresh and aged Li (50μm thick) ∣∣ NMC811 cells cycled under different charge/discharge rates in
the voltage range of 2.8–4.2 V at different temperatures: (a) 1C-1C at 40 °C, (b) 1C-1C at 60 °C, and (c) 2C-1C at 60 °C; and (d) C/10 capacity retention of the
cells as a function of cycle number.
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