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Discovering new chemistry and materials to enable rechargeable
batteries with higher capacity and energy density is of paramount
importance. While Li metal is the ultimate choice of a battery
anode, its low efficiency is still yet to be overcome. Many
strategies have been developed to improve the reversibility and
cycle life of Li metal electrodes. However, almost all of the results
are limited to shallow cycling conditions (e.g., 1 mAh cm~?) and
thus inefficient utilization (<1%). Here we achieve Li metal elec-
trodes that can be deeply cycled at high capacities of 10 and
20 mAh cm~2 with average Coulombic efficiency >98% in a com-
mercial LiPFg/carbonate electrolyte. The high performance is en-
abled by slow release of LiNO3 into the electrolyte and its
subsequent decomposition to form a LizN and lithium oxynitrides
(LiN,Oy)-containing protective layer which renders reversible,
dendrite-free, and highly dense Li metal deposition. Using the de-
veloped Li metal electrodes, we construct a Li-MoSs full cell with
the anode and cathode materials in a close-to-stoichiometric
amount ratio. In terms of both capacity and energy, normalized
to either the electrode area or the total mass of the electrode
materials, our cell significantly outperforms other laboratory-
scale battery cells as well as the state-of-the-art Li ion batteries
on the market.

lithium metal anode | deep cycling | high capacity | high energy | lithium
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echargeable batteries with high energy density are of para-

mount importance to energy storage. The progress of high-
performance batteries is heavily dependent on the development
of new chemistries and materials (1-9). With a high theoretical
capacity (3,860 mAh g™'), a low redox potential (—=3.040 V vs. the
standard hydrogen electrode), and a light weight (0.53 g cm™),
Li metal is the ultimate choice of anode for Li-based and per-
haps all rechargeable batteries (10-15). However, major chal-
lenges must be overcome before rechargeable Li metal batteries
become viable. The foremost is the low degree of utilization of
Li, poor reversibility, and dendrite formation during cycling,
which is responsible for phenomena such as low Coulombic ef-
ficiency (CE), large voltage polarization, poor capacity retention,
and short-circuiting, and leads to early failure and critical safety
concerns for the batteries (11, 16-18). This problem is especially
severe for carbonate-based electrolyte, which is the electrolyte
for all commercial Li ion batteries (LIBs). Another obstacle is
the lack of a high-capacity cathode material that can be paired
with Li metal in carbonate electrolyte.

Many strategies, such as superconcentrated electrolytes (19,
20), electrolyte additives based on fluorinated, nitrogenous, and
polysulfide compounds (21, 22), artificial solid electrolyte in-
terphase (SEI) structures (23, 24), separator modification with
metal-organic frameworks and nanocarbon (25, 26), and anode
structures for hosting Li metal (27-29), have been demonstrated
to be effective in improving the efficiency and cycle life of Li
metal electrodes. However, thus far almost all of the electro-
chemical measurements on Li metal electrodes have been lim-
ited to shallow cycling (10, 16, 17, 23, 24, 28, 30, 31). For
instance, an electrode containing more than 100 mAh cm™2 of Li
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is only charged and discharged to the depth of 1 mAh cm™2

Similarly, for full cells of Li metal batteries, a cathode is often
paired with a Li metal anode that is in large excess (12, 26, 31),
and as a result neither the capacity nor cycling stability reflects
the real full-cell performance. It is thus critical to develop deeply
cyclable Li metal electrodes and further realize high-capacity Li
metal full cells based on cathode and anode materials in
stoichiometric ratios.

Here we report Li metal electrodes that can be deeply cycled
at high capacities of 10 and 20 mAh cm~2 with average CE >98%
in a commercial LiPFg/carbonate electrolyte. The high-
performance electrodes are enabled by slow release and de-
composition of LiNO; preimpregnated in the separator mem-
brane, which forms a micrometer-thick protective layer with
Li3N and lithium oxynitrides (LiN,O,) as the major active com-
ponents and renders reversible, dendrite-free, and highly dense
Li metal deposition. Using the developed Li metal electrodes, we
construct a Li-MoS; full cell with the anode (Li) and cathode
(MoS;) materials in a close-to-stoichiometric amount ratio.
Based on the total mass of the electrode materials, the cell de-
livers a specific capacity of 410 mAh g~" and an areal capacity of
6.3 mAh cm™2 In terms of both capacity and energy, our cell
significantly outperforms other laboratory-scale battery cells,
including Li metal or Si-based ones, as well as the state-of-the-art
LIBs on the market.

Results and Discussion

While LiNOs is often used as an additive for the ether-based
electrolyte (highly volatile and inflammable) specific for Li-S
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Lithium metal is considered as the ultimate choice of anode for
high-energy batteries, but the existing Li metal electrodes are
usually limited to shallow cycling conditions (1 mAh cm~2) and
thus inefficient utilization (<1%). We achieve Li metal elec-
trodes deeply and stably cyclable to capacities >10 mAh cm~2,
enabled by slow release of LiNO3 into carbonate electrolyte
and its subsequent decomposition to form a protective layer
for reversible, dendrite-free, and highly dense Li metal de-
position. Based on that, we demonstrate a Li-MoS; (in close-to-
stoichiometric ratio) cell showing high areal and specific ca-
pacity and energy.
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batteries, it has rarely been used to protect Li metal electrodes
working with the general and more desirable carbonate-based
electrolyte @3 ‘) A possible reason is that LiNOj is insoluble
(~107° g mL™") in the carbonate solvent. In this work, we find
that LiNOj can greatly improve the performance of Li metal
electrodes via a slow release and decomposition scheme. We
immersed a glass fiber separator in a LiNO; solution to im-
pregnate the separator with submicrometer-scale crystallites of
LiNO; (SI Appendix, Figs. S1-S3). Under working conditions,
the crystallites can serve as a reservoir for the limited amount of
LiNO; dissolved in the electrolyte to decompose and form a
protective layer on the Li metal electrode.

We assembled Li||Cu cells with pristine and LiNO;-modified
separators to investigate the electrochemical Li plating/stripping
processes. A commercial electrolyte based on 1 M LiPFg in an
ethylene carbonate/diethyl carbonate (1:1 volumetric ratio)
mixed solvent was used. The CE of a cell, defined as the ratio of
the amount of the stripped Li to that of the plated Li on the Cu
current collector in each charging—discharging cycle, was used as
a performance index to evaluate the cyclability of the Li metal
electrode. At the current density of 1 mA cm~2, the cells with
LiNOj; could be stably cycled for 210 and 160 cycles with average
CEs of 95. 1% and 98.3% to the capacity depths of 2 and
5 mAh cm™2 (Fig. 1 4 and B) respectively. Under even harsher
conditions of 2 mA cm -5 mAh cm > and 5 mA cm™?
-10 mAh cm™2 the cells with LiNO; could work stably for
100 and 50 cycles with high average CEs of 96.8% and 98.1%
(Fig. 1 C and D), respectively. In contrast, the cells without
LiNO; exhibited substantially worse cycling performance (Fig. 1
A-D). Only 30 cycles with an average CE of 91.6% could be
obtained under the 1 mA cm™-2 mAh cm™2 conditions. At the
5 mA cm >-10 mAh cm™? conditions, the cell was not even
cyclable. The corresponding charging—discharging voltage pro-
files are plotted in SI Appendix, Figs. S4 and S5. The CEs and
voltage profiles of the Li||Cu cells with and w1th0ut LiNOj; cycled
at other current—capacr[%/ conditions (l mA cm~ —1 mAh cm ™2,
2 mA cm™-1 mAh cm™, 4 mA cm™-1 mAh ecm™2, 1 mA cm™
-10 mAh cm™2, 2 mA cm’z—lO mAh cm™2, and 5 mA cm™2
-5 mAh cm™?) are shown in ST Appendix, Figs. S6-S11. Fig. 1E
compares the performance indices of our LiNOs-protected Li
metal electrodes with those reported in the literature for other Li
metal electrodes in the Li||Cu configuration based on carbonate
electrolyte. It is evident that our electrodes can achieve much
higher capacities (i.e., can be much more deeply cycled) and rate
capability without compromising other properties such as the CE
and cycle life.

We analyzed the dependence of CE on current and capacity
for the Lif|Cu cells with LiNOs. As the charging—discharging
current increases from 1 to 4 mA cm™> the CE decreases from
93.7% to 91.2% at a fixed cycling capac1ty of 1 mAh cm™2 (SI
Appendix, Fig. S124). This is consistent with literature pre-
cedence and the general knowledge that chemical reactions are
less reversible at higher rates. SI Appendix, Fig. S12B shows the
dependence of CE on charging—discharging capacity at various
current densities. At each current density, the CE increases with
the capacity. This is also confirmed by control experiments in
which the charging-discharging current density for a Li||Cu cell
is increased or decreased stepwise (SI Appendix, Fig. S13). De-
spite not being straightforward, similar phenomena have actually
been observed before and indicate that the nucleation or initial
growth stage is less reversible than the subsequent Li deposition
(33-35).

We used scanning electron microscopy (SEM) to image the Li
deposited on the Cu current collector after deep cycling. After
the Li platmg step in the third cycle under the demanding
5 mA cm~-10 mAh cm~2 conditions, the deposited Li of the
Li||Cu cell without LiNO; manifests a loosely packed structure
consisted of dendrites and whiskers (Fig. 24). Further cycling
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Fig. 1. CE of Li||Cu cells with and without LiNO3 cycled under (A) 1 mA cm™
22 mAh cm~2, (B) 1 mA cm~2-5 mAh cm~2, (C) 2 mA cm~2-5 mAh cm™2, and
(D) 5 mA cm™2-10 mAh cm~2 conditions. (E) Comparison in electrochemical
performance indices (capacity, current density, CE, and cycle number), as
measured in the Li||Cu configuration based on carbonate electrolyte, of our
LiNOs-protected Li metal electrodes with those reported in the literature (a
total of 27 entries as summarized in S/ Appendix, Table S1).
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Fig. 2. Cross-section SEM images of the Li layer plated on the Cu current collector after 3 and 20 cycles under 2 mA cm™2-10 mAh cm™2 conditions for the
Li||Cu cells (A and B) without and (C and D) with LiNOs. (Insets) Enlarged images of the corresponding cross-sections of the Li layers. (E) N 1s XPS spectra at
various depths of the plated Li layer on the Cu current collector after three cycles under 2 mA cm™-10 mAh cm~2 conditions for the Li||Cu cell with LiNOs.

continues to expand the unstable SEI and deteriorate the elec-
trode structure, resulting in an ~100-um-thick dendritic Li layer
covered with another ~100-pm-thick mossy C-containing Li layer
after 20 cycles (Fig. 2B and SI Appendix, Fig. S14). In stark
contrast, the deposited Li of the Li||Cu cell with LiNO; displays
an ~40 pm-thick dense and uniform film structure without any
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traces of dendrites (Fig. 2C). The structure and thickness of the
Li layer could still be maintained after 20 cycles (Fig. 2D). We
note an ~2-pm-thick layer with a porous surface morphology (S/
Appendix, Fig. S15) on the surface of the plated Li layer (Fig.
2D), which is likely the protective layer formed by the de-
composition of LiNOs.
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Fig. 3. Cycling performance of Li||Li symmetric cells with and without LiNOs cycled under (A) 1 mA cm™-1 mAh cm™2, (B) 2 mA cm~2-2 mAh cm~2, (C)
5 mA cm™>-5 mAh cm~2, and (D) 5 mA cm™2-20 mAh cm~2 conditions; (E) Comparison of electrochemical performance indices (capacity, current density, and
duration time), as measured in the Li||Li configuration based on carbonate electrolyte, of our LiNOs-protected Li metal electrodes with those reported in the

literature (a total of 32 entries as summarized in S/ Appendix, Table S2).
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We then resorted to X-ray photoelectron spectroscopy (XPS)
to analyze the chemical composition of the LiNO3-derived pro-
tective layer. Thickness-dependent elemental compositions, to-
gether with the corresponding C 1s, O 1s, and Li 1s XPS spectra,
are shown in SI Appendix, Figs. S16-S19 for the Li-plated Cu
electrodes of the Li||Cu cells with and without LiNO; after three
cycles under the 2 mA ecm™>-10 mAh cm™2 conditions. Both
electrodes possess an SEI featuring an outer surface rich in
lithium semicarbonates (ROCOOLI) and Li,CO3, and an inner
layer dominated by Li,O, consistent with the prevalent “mosaic
model” (36, 37). It is worth noting that the C content on the
LiNOs;-free electrode decreases with the sputtering thickness
significantly more slowly than that on the LiNOj-protected
electrode (SI Appendix, Fig. S16), indicating more severe elec-
trolyte decomposition on the electrode surface without a LiNO3-
derived protective layer. Since the two electrodes contain similar
C and O species in the surface layer, we attribute the desirable
functionalities of the LiNOj-derived protective layer to the N-
containing species. Fig. 2E plots the depth-dependent N 1s XPS
spectra for the LiNOj-protected electrode. The major compo-
nents of the protective layer are LizN, LiN,O,, LiNO,, and alkyl
nitro species (R-NO,). Both LizN and LiN,O, are known to be
good Li ion conductors and can promote efficient and stable
cycling of Li metal electrodes (38, 39), which is also supported by
the stabilized Li ion transfer resistance for the Li||Cu cell with
LiNO; upon cycling (SI Appendix, Fig. S20).

We also fabricated symmetric Li||Li cells to evaluate the
electrochemical performance of our LiNOj-protected Li metal
electrodes. At the charging-discharging current density of
1 mA cm™ and capacity of 1 mAh cm™, the Li|[Li cell with
LiNO; could be stably cycled for 1,400 h with an average over-
potential of 80 mV (Fizg. 34). It could be functional for 700 h
under the 2 mA cm™>-2 mAh cm™ conditions, showing an
overpotential of 84 mV (Fig. 3B). Under the demanding condi-
tions of 5 mA cm™>-5 mAh cm ™, the cell could be stably cycled
for 420 h with an average overpotential of 192 mV (Fig. 3C). The
Li||Li cell with LiNOj3 could even be cycled to an extremely high
capacity of 20 mAh cm™? (Fig. 3D). The cycling performance
under other conditions (2 mA cm~°-1 mAh cm™2, 2 mA cm ™
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Fig. 4.

-5 mAh ecm™2, and 5 mA cm™-10 mAh cm™) is given in SI
Appendix, Fig. S21. Under all conditions, the Li||Li cells without
LiNO; exhibited much worse performance (Fig. 3 and SI Ap-
pendix, Fig. S21). Fig. 3E compares the performance indices of
our LiNOgs-protected Li metal electrodes with those reported in
the literature for other Li metal electrodes in the Li||Li config-
uration based on carbonate electrolyte. It is evident that our
electrodes can achieve much higher capacities without sacrificing
other properties such as the CE, cycle life and rate capability.

As a proof of concept, we utilized our LiNO;j-protected Li
metal electrodes to fabricate close-to-stoichiometric full cells
with ultrahigh capacity and energy. We chose amorphous MoS;
as the cathode material because of its proven high capacity and
compatibility with carbonate electrolyte (40-43). Our MoS;
grown on mildly oxidized carbon nanotubes (CNTs) (SI Appen-
dix, Fig. S22) exhibits a specific capacity of ~500 mAh g™" at the
current density of 0.7 mA cm™> and a mass loading of
12.5 mg cm™2 (SI Appendix, Fig. $23). To assemble the full cell
(Fig. 44), we paired a predeposited LiNOj-protected Li metal
electrode (10 mAh cm™2, 2.6 mg cm™2) with a MoS; electrode
(~6.4 mAh cm™2, 12.8 mg cm~2). The full cell delivered an areal
capacity of 6.3 mAh cm™~, corresponding to a specific capacity of
410 mAh g™ based on the total mass of electrode materials (Fig.
4B). Coupled with the average discharging voltage of 1.95 V, the
cell afforded an areal energy of 12.2 Wh cm™~ and a specific
energy of 793 Wh kg™' based on the total mass of electrode
materials. Both the capacity and energy of our Li-MoS; full cell,
normalized to either the electrode area or the total mass of both
the anode and cathode materials, are significantly higher than
other Li battery cells, including the previously reported high-
capacity cells based on Li metal or Si (29, 44-46), as well as
the state-of-the-art Li ion batteries on the market (Fig. 4 C and
D), putting forward a competitive candidate for future-
generation high-capacity and high-energy rechargeable batter-
ies. However, the cycling stability of the full cell is still poor,
which is ascribed to the capacity fading of both electrodes.
Specific energy of the cell can be further improved if a new
cathode material with a comparable capacity and a higher op-
erating potential can be developed.
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(A) Schematic structure and (B) charging—discharging voltage profiles and cycling performance of the close-to-stoichiometric Li-MoS3 cell. Compar-

isons in (C) specific and areal capacity and (D) specific and areal energy of our Li-MoS3 cell with other full cells reported in the literature. All of the numbers
are normalized to the total mass of anode and cathode materials excluding conductive carbon black and binder. Carbon-host materials such as the meso-
porous carbon for Li,S in the Li,S||Si case and the CNTs for MoS; in this work are included in the calculation for total mass. The values for commercials LIBs are
calculated based on a LiCoO, cathode (20 mg cm™2, 150 mAh g~') paired with a graphite anode (10 mg cm™2, 300 mAh g™ ).
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In summary, by forming a protective SEI layer under slow

release of LiNOj3 into a commercial carbonate electrolyte solu-
tion, we have enabled high-performance Li metal electrodes
deeply cyclable to high capacities of 10 or 20 mAh cm™2. Based
on the LiNOj-protected Li metal electrodes, we have success-
fully constructed close-to-stoichiometric Li-MoS; full cells with
ultrahigh specific and areal capacity and energy.
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