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A Salt-in-Metal Anode: Stabilizing the Solid Electrolyte
Interphase to Enable Prolonged Battery Cycling

Lin Fu, Xiancheng Wang, Li Wang, Mintao Wan, Yuanjian Li, Zhao Cai, Yuchen Tan,
Guocheng Li, Renming Zhan, Zhi Wei Seh, and Yongming Sun*

Metallic lithium (Li) is the ultimate anode candidate for high-energy-density
rechargeable batteries. However, its practical application is hindered by
serious problems, including uncontrolled dendritic Li growth and undesired
side reactions. In this study a concept of “salt-in-metal” is proposed, and a
Li/LiNO; composite foil is constructed such that a classic electrolyte addi-
tive, LINO;3, is embedded successfully into the bulk structure of metallic Li

by a facile mechanical kneading approach. The LiNOj; reacts with metallic

Li to generate Li* conductive species (e.g., Li;N and LiN,O,) over the entire
electrode. These derivatives afford a stable solid electrolyte interphase (SEI)
and effectively regulate the uniformity of the nucleation/growth of Li on initial
plating, featuring a low nucleation energy barrier and large crystalline size
without mossy morphology. Importantly, these derivatives combined with
LiNO; can in-situ repair the damaged SEI from the large volume change
during Li plating/stripping, enabling a stable electrode-electrolyte interface
and suppressing side reactions between metallic Li and electrolyte. Stable
cycling with a high capacity retention of 93.1% after 100 cycles is obtained for

the ever-increasing energy demand in var-
ious fields, such as electric vehicles, grid
storage and portable electronics, metallic
Li anode have been widely studied to
achieve high energy density Li metal bat-
teries (LMBs).3* However, its practical
application is still impeded by several
serious issues including uncontrolled Li
plating/stripping behavior and undesired
side reactions at the anode side due to
large volume change and high reactivity
of metallic Li during the stripping/plating
cycling !

The infinite relative volume change
and sluggish Li diffusion kinetics lead
to the absence of spatial control of Li
plating and can even cause the forma-
tion of dangerous dendrites.’! Metallic Li
decomposes salts and solvents in liquid
electrolytes, producing a solid electrolyte

full cells consisting of high-loading LiCoO, cathode (=20 mg cm?) and com-
posite metallic Li anode with 25 wt% LiNO; under a lean electrolyte condition

(=12 pL) at 0.5 C.

1. Introduction

Metallic Li possesses the highest theoretical specific capacity
(3860 mA h g™) and lowest electrochemical potential (—3.04 V
versus standard hydrogen electrode) among anodes, and is the
ultimate anode choice for rechargeable batteries.l'?l To meet
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interphase (SEI) film on its surface.l
Such SEI film continuously crumbles and
repairs due to the large volume change
during Li stripping/plating cycling, which
continuously consumes active Li and
liquid electrolyte and leads to a thick SEI layer.®% The above
processes together cause the formation of a loose structure
after many cycles and even the pulverization of metallic Li elec-
trode.'”! The situation is severely aggravated under practical
battery conditions with high areal capacity loading.'”) Metallic
Li in the loose structure of electrode surrounded by thick SEI
would be isolated from the surroundings, losing electronic and
ionic connection and forming “dead Li”, which cannot partici-
pate the subsequent electrochemical cycling.™ The above det-
rimental processes eventually lead to fast failure of Li metal
batteries. More seriously, metallic Li dendrites produced during
cycling may penetrate the separator and cause internal short
circuit and even safety hazards.'Zl Therefore, the design of Li
metal electrode with uniform SEI and stable stripping/plating
behavior is of vital importance for practical LMBs.

Till now, numerous strategies have been explored to improve
Li metal electrodes, including surface protection layer, 3D host,
solid electrolyte, and electrolyte engineering.'*-11 Among the
various strategies, using electrolyte additives is considered as
one of the most facile and effective approaches.l”] Additives
in electrolyte can effectively regulate metallic Li deposition
by the optimization of the solvation structures of Li* and the
reinforcement of physical and chemical properties of SELI718]
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Consequently, the nucleation of metallic Li can be altered, the
growth of dendritic Li can be suppressed/eliminated, and the
side reactions between metallic Li and electrolyte can be hin-
dered.™ Among various additives, LiNOj; is highly effective
in stabilizing the Li metal anode by regulating the uniformity
and ionic conductivity of SEI.221 With the reduction of LiNO;
to form rich Li;N and LiN,O, species uniformly distributed in
the SEI film, Li* diffusion is promoted and Li plating/stripping
behavior is regulated.?>?3] However, the extremely low solu-
bility of LiNO; in the mostly widely used carbonate electrolyte
(=800 ppm) is a huge barrier for practical application, since
the tiny amount of LiNO; in electrolyte would be exhausted
quickly over cycling.**?°] Therefore, one big challenge for using
LiNO; additive is to find a sustainable way to avoid its rapid
depletion and achieve long-term effect of LiNO; on cycling. To
overcome this problem, several effective strategies have been
explored, including utilizing solubilizers to enhance the solu-
bility of LiNOj; in carbonate electrolyte, and using an interfacial
layer with excess solid LiNO; between the electrode and sepa-
rator which can release during the electrochemical cycling.??~2]
Despite these great achievements, new facile strategies for
introducing electrolyte additive (LiNO;) remain to be developed
to solve the inherent problem of Li metal and realize practical
battery application.

Herein, we propose a novel design to afford a stable SEI by
direct introduction of LiNOj; into metallic Li foil electrode in
response to the challenge of low solubility in carbonate elec-
trolyte. Modest doses of LiNO; in the composite electrode
can avoid its fast exhaustion and afford a long-term effect on
cycling. A Li/LiNO;3 (LLNO) composite foil is designed and fab-
ricated by multiple cold rolling operations of LiNO; powders
and metallic Li. Metallic Li is soft and sticky, which helps to
form uniform composite of the two components and maintain
foil structure of the LLNO composite during the operation.
LiNOj; can be reduced by metallic Li according to the following
equations:[°!

LiNO, +2Li — LiNO, +1i,0  AHaimed =—406 kJ mol™ )

LiNO, +6Li — Li;N+2Li,0  AH e =—857 kJ mol™ 2)

These reaction products participate in the formation of SEI,
which regulate the electrochemical behavior of metallic Li and
realize dendrite-free Li plating with large particle size in the
routine carbonate electrolyte (1 m LiPFg in EC/DMC/EMC).
On the other hand, the reaction products that are buried in the
bulk of metallic Li can enhance Li* diffusion within the entire
foil electrode, which help to eliminate the dendrite growth of
metallic Li. The dense plating of metallic Li with large parti-
cles and small accessible surface area to liquid electrolyte sup-
presses the side reactions between metallic Li and electrolyte,
reduces the consumption of liquid electrolyte and active Li, and
avoids the formation of highly porous electrode structure and
its further pulverization. Note that the cracks and reconstruc-
tions of SEI are hard to be avoided and the initial SEI would
not be maintained during cycling due to the large volume
change and high reactivity of metallic Li, and LiNO; and its
derivatives are continuously consumed over long-term cycling.
In our LLNO composite electrode, modest doses of LiNO; and
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its derivatives in the electrode enables stable SEI, by partici-
pating in the effective repair of the initial SEI or the formation
of new SEI, which enables prolonged cycle life. With 25 wt%
LiNOj; in the LLNO composite electrode (LLNO-25), symmetric
cell exhibits stable cycling over 600 hours at 1 mA cm™ and
1 mA h cm™ with a low overpotential (45 mV), in contrast to
the fast increase in overpotential on cycling and failure within
200 h for the counterpart with pure Li electrode. When coupled
commercial LiCoO, cathode with high active material loading
(=20 mg cm™?), full cell with LLNO-25 composite anode under
a lean electrolyte condition (=12 ul) displays stable cycling
with a high capacity retention of 93.1% after 100 cycles at
0.5 C (1 C = 140 mA g}), while the counterpart with pure Li
anode failed after 37 cycles under the same test condition. This
work not only presents a new strategy for the introduction of
SEI stabilizer with low solubility in electrolyte solvents, but also
extends the consequent protective structure from the surface to
the bulk of metallic Li electrode, enhancing its electrochemical
performance.

2. Results and Discussion

LLNO composite is fabricated through a repeated mechanical
rolling/folding operation (namely “mechanical kneading”
approach here, Figure 1a). During the fabrication, LiNO3; pow-
ders were first spread uniformly between two metallic Li foils,
forming a Li|LiNOs|Li sandwich. LiNOj; is then embedded in
the soft and sticky metallic Li to form an integrated structure
after the first mechanical rolling. The mechanical kneading
operation leads to the close contact between LiNO; and metallic
Li. LiNOj; is gradually reduced by metallic Li at their surface
during the fabrication of LLNO, generating Li;N, LiN,O, and
Li,O (detailed characterization will be presented later). Such
a process also leads to the pulverization of the initial LiNO;
particles accompanied by their reduction with metallic Li, as
well as their successful embedment in the metallic Li matrix.
Thus, a LLNO composite with good dispersion of LiNO; and its
derivatives within the entire foil electrode is achieved after the
mechanical kneading operation. The SEI on the pure Li anode
surface breaks and re-forms during the Li stripping/plating
cycle, leading to the formation of thick SEI and even “dead
Li” (Figure 1b). The LiNO; derivatives on the surface of the
composite electrode will participate the formation of SEI film
(namely Li3N/LiN,O,/Li,O-rich SEI) during electrochemical
cycling. This Li;N/LiN,O,/Li,O-rich SEI can alter the nuclea-
tion/growth of metallic Li, resulting in the uniform plating of
Li without the formation of dendritic morphology. The uniform
plating of metallic Li with low accessible surface area exposed
to liquid electrolyte reduces the overall amount of SEI and sig-
nificantly suppresses the formation of “dead Li” (Figure 1c and
Figure S1, Supporting Information). The uniform dispersion of
LiNOj; and its derivatives in the bulk of the LLNO composite
during cycling avoids the exhaustion of LiNOj; in the electro-
lyte during cycling and helps to make a stable SEI and enable
long cycle life of batteries. Moreover, the Li* conductive species
of LiNO; derivatives in the bulk of the LLNO composite can
enhance the Li* diffusion over the entire electrode. The direct
introduction of LiNOj; into metallic Li electrode provides a fresh
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Figure 1. a) The fabrication of LLNO composite. The evolution of b) pure Li and c¢) LLNO composite electrodes during electrochemical cycling. The
Li;N/LiN,O,/Li;O-rich SEI of the LLNO composite electrode enables fast migration of Li* through the SEI, uniform Li plating behavior, and prolonged

cycle life.

and facile design for achieving stable metallic Li anode in car-
bonate electrolyte, which is beneficial for mass production to
meet practical applications.

LLNO composites with different contents (x wt%) of the
initial LiNO; were fabricated and their electrochemical prop-
erty was investigated using symmetric cell configuration at
1mA cm™ and 1 mA h cm™ (x = 5, 10, 15, 20, 25, or 30). It
is worth noting here that nucleation of metallic Li is closely
related to the consequent plating behavior of Li.l””} As shown
in Figure 2a and Table S1, Supporting Information, the initial
nucleation overpotential decreases gradually with the increase
of LiNO; probably due to the change of microstructure and
composition of SEI after the introduction of LiNOj;. The LiNO;
derivatives, including LiN,O, and Li;N etc, are able to change
the plating behavior of metallic Li by regulating the uniformity
and ionic conductivity of SEL2%2Il Also, the cycling stability of
LLNO composite is improved gradually with the increase of
LiNO; content and the LLNO composite containing 25 wt%
LiNO; (LLNO-25) exhibits the best cycling stability among all
the samples (Figure 2b and Figures S2-S6, Supporting Infor-
mation). Stable cycling with constant voltage profiles for the
LLZO-25 composite electrode is achieved for 600 hours with a
low average overpotential of =45 mV, while significant increase
in overpotential is observed for the pure Li electrode and it
reaches =130 mV after 300 h cycling (Figure 2b). Therefore, the
LLNO-25 composite is chosen for further study and it displays
a high specific capacity of =2423.3 mA h g7 (Figure S7, Sup-
porting Information). When the test current density and area
capacity are fixed at 3 mA cm™2 and 3 mA h cm™?, stable voltage
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profiles were observed for the symmetric LLNO-25||LLNO-25
cell during more than 200 h cycling, while fast increase in over-
potential was observed for the symmetric Li||Li cell after 60 h
cycling (Figure S8, Supporting Information). The reduced
overpotential for the nucleation and plating of metallic Li and
the enhanced cycling stability may arise from the as-formed
stable SEI that possesses high ionic conductivity and regulates
the electrochemical plating/stripping behavior of metallic Li.?%2%]

X-ray diffraction (XRD) was employed to investigate the
phase information of the LLNO-25 composite. Diffraction
peaks for LiNO; (JCPDS#80-0203) and metallic Li (JCPDS#89-
3940) were observed in the XRD patterns for the LLNO-25
composite, suggesting the successful composite of LiNO; and
metallic Li (Figure 2c and Figure S9, Supporting Information).
After storage in Ar atmosphere for two weeks, no new peaks
were observed, indicating the good stability of the LLNO-25
composite (Figure 2c and Figure S10, Supporting Information).
It is noted that phase information about LiNO; derivatives
such as LiN,O, and Li;N did not appear in the XRD pattern
of the LLNO-25 composite, indicating their ultrafine crystalline
size or amorphous structure. X-ray photoelectron spectroscopy
(XPS) was used to further detect the elemental composition
and chemical state of LLNO-25 composite. Figure 2d displays
the high-resolution XPS spectrum of N 1s for the LLNO-25
composite. A strongest peak at 404.2 eV is observed, which cor-
responds to LiNO,.233% Two weak peaks at 401.2 and 398.2 eV
are shown, which are related to the characteristic signals of
LiN,O, and Li;N, respectively.?#3%3! A moderate peak located
at 4078 eV can be indexed to LiNO;.132l Moreover, the existence
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Figure 2. a) Nucleation overpotential during the initial Li plating, which obtained from the symmetric cells with LLNO electrodes with different con-
tents of LINO; at 1 mA cm™2 and 1 mA h cm™2 b) Galvanostatic voltage profiles of Li|Li and LLNO-25||LLNO-25 symmetric cells at 1 mA cm~2 and
1 mA h cm™2. ¢) XRD pattern of the LLNO-25 composite. d) High-resolution N 1s XPS spectrum of the LLNO-25 composite. e) Activation energies of
Li* through the SEI film for pure Li and LLNO-25 composite electrodes. The results were derived from Nyquist plots and Arrhenius equation. f) Tafel
curves of the Li||Li and LLNO-25||LLNO-25 symmetric cells derived from linear sweep voltammetry (LSV) tests. g) Top-view SEM image of the LLNO-25

composite and h—j) the corresponding EDS mapping images.

of LiNO,, LiN,0,, and Li;N are verified by the results of high-
resolution Li 1s and O 1s XPS spectra (Figure S12, Supporting
Information).?2-243031 Therefore, certain amount of LiNO; is
reduced to LiN,O, and Li;N by metallic Li during the mechan-
ical kneading operation. The formation of these Li conduc-
tive species and their distribution in the LLNO composite can
enable fast Li* diffusion on the surface and bulk of the entire
electrode, which leads to easy nucleation and uniform plating
of metallic Li.?233 The plating of metallic Li must overcome
the energy barrier for the migration of Li* across the SEI film.
According to the previous studies, the apparent activation
energy of Li* migration across the SEI film (E,) can be obtained
by the electrochemical impedance spectroscopy (EIS) measure-
ments of symmetrical cells with pure Li and LLNO-25 com-
posite electrodes under different temperatures (Figure S13a,b,
Supporting Information).?¥ A suitable equivalent circuit was
established (Figure S13c, Supporting Information) to ana-
lyze the as-measured EIS curves from 283 to 333 K and
to obtain the resistance value of Li* through the SEI film
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(Rsg1, Figure S13d, Supporting Information). According to the
Arrhenius equation:*+3]

Ea

T = Ae T

3)
Rsii

where T, A, and R are the absolute temperature in kelvin,
pre-exponential factor, and standard gas constant, respec-
tively. As shown in Figure 2e, the E, of the LLNO-25 com-
posite (52.91 k] mol™) is much lower than that of the pure Li
(64.18 kJ mol™), which indicates that the introduction of LiNO;
reduces the activation energy of Li* diffusion through the SEI
of the composite electrode. Such advantage arises from the
enhanced ionic conductivity of SEI due to presence of LiNO;
derivatives. Importantly, improving Li* conductivity of SEI can
enlarge the grain size of Li deposits,?! which helps to suppress
the formation of dendritic Li, reduce the depletion of active Li
and prevent the fast accumulation of “dead Li” during cycling.
The exchange current density (jy) derived from the Tafel plots
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is applied to further verify the advantage for introducing LiNO;
into the bulk of metallic Li. As shown in Figure 2f, the value of
exchange current density of the LNNO-25 is two times higher
than that of the pure Li (0.1162 mA cm™ for the LNNO-25 vs
0.0574 mA cm™? for the pure Li), indicating much better charge
transfer capability at the Li electrode/electrolyte interface for
the LLNO-25 electrode resulting from its highly conductive
SEIL.136-38 Importantly, the rapid charge transfer at the interface
of Li electrode and electrolyte can restrain the uneven Li plating
and improve the electrochemical reaction kinetics.[2>293437:3
LLNO-25 composite foil displays same luster (Figure S14, Sup-
porting Information) and surface morphology as pure metallic
Li foil (Figure S15, Supporting Information). Scanning elec-
tronic microscopy (SEM) image (Figure 2g) and corresponding
energy dispersive X-ray spectroscopy (EDS) mapping images
of the LLNO-25 composite (Figure 2h—j) demonstrate the uni-
form distribution of elements of Li, N, and O in the LLNO-25
composite in the measured area except tiny amount of particles
with much reduced size (1 um or less) in contrast to the initial
LiNO; particles in the size of tens of micrometers (Figure S16,
Supporting Information), indicating that LiNO; and its deriva-
tives are successfully embedded into the matrix of metallic Li
by mechanical kneading operation. In addition, LiNO; parti-
cles with large size (Figure S16, Supporting Information) are
not observed in above results, suggesting the pulverization/
crushing of the LiNO; particles during its continuous reaction
with metallic Li and the mechanical rolling process, which is an
important factor in realizing a uniform composite.

The presence of LiNOj in the electrolyte can avoid the rapid
failure of metallic Li electrode by altering the composition,
structure and properties of SEI, and consequently regulating Li
deposition.[*# To reveal the effect of LiNO; in the as-designed
LLNO electrode, SEM was employed to investigate the mor-
phology of the cycled LLZO-25 and pure Li foil electrodes in
symmetric cell configuration. Figure S17a, Supporting Informa-
tion shows a top-view SEM image of the pure Li electrode after
the initial Li stripping at 1 mA cm™ and 1 mA h cm™. Large
and irregular cavities were randomly distributed on the surface
of the electrode and the depth of the cavities could reach several
tens of microns, suggesting inhomogeneous electrochemical
Li stripping behavior (Figure S17a, Supporting Information).
In contrast, the LLNO-25 electrode exhibits a relatively uni-
form electrochemical Li stripping behavior. Shallow and broad
cavities were observed on the surface of the LLNO-25 electrode
after Li stripping (Figure S17b, Supporting Information). The
different Li stripping behaviors of the LLNO-25 and pure Li
metal electrodes arise from the effect of LiNO; in the LLNO-25
electrode, which regulates the uniformity and improves the
ionic conductivity of SEL2233] Moreover, the relatively smooth
surface of the LLNO-25 electrode can adjust the Li* flux and
further enable uniform Li deposition. Figure S17c¢—f, Sup-
porting Information shows selected-area EDS mapping images
of the LLNO-25 electrode after Li stripping. The results indicate
that LiNO; and its derivatives are evenly distributed in the elec-
trode after Li stripping, suggesting their good stability during
electrochemical cycling. Whisker-like Li deposits were observed
for the pure Li electrode after initial Li plating, the diameters
of which are less than 0.2 um (Figure S18a, Supporting Infor-
mation). In contrast, the LLNO-25 electrode displays granular
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microstructure with grain size up to 10 um (Figure S18b, Sup-
porting Information), which could eliminate the risk of internal
short circuit caused by growth of Li dendrite and enable stable
electrochemical cycling with high Columbic efficiency. After
ten Li stripping/plating cycles, the LLNO-25 electrode presents
a smooth surface with compactly arranged spherical metallic
Li deposits (Figure 3a and Figure S19a, Supporting Informa-
tion), while the pure Li electrode shows loose accumulation of
metallic Li whiskers (Figure 3d and Figure S19¢, Supporting
Information). The significant change in the morphology for
the cycled LLNO-25 and pure Li electrodes arises from the
improved SEI for the LLNO-25 electrode due to the involve-
ment of the LiNOj; and its derivatives from the bulk of the elec-
trode, which enables a stable SEI for long-term cycling. Dense
metallic Li microstructure was also observed for the LLNO-25
electrode after 50 Li plating/stripping cycles, verifying the
ability of the enhanced SEI in regulating the Li plating/strip-
ping (Figure 3b and Figure S19b, Supporting Information). In
contrast, the pure Li electrode exhibits a loose and dendrite-con-
taining surface structure entangled with thick SEI. Meanwhile,
large cracks in several micrometers are observed on the surface
of the cycled pure Li electrode (Figure 3e and Figure S19d, Sup-
porting Information). The metallic Li layer involved in the strip-
ping/plating cycling is densely packed and the thickness for the
reaction layer, referring to the specific layer that participates in
the electrochemical stripping/plating reaction, is only =50 um
for the LLNO-25 after 50 cycles (Figure 3c), while this reac-
tion layer reaches =100 um for the pure metallic Li electrode
(Figure 3f). For pure metallic Li electrode, the generated mossy
Li with high surface area continuously reacts with electrolyte
over cycling, and leads to the fast consumption of liquid elec-
trolyte and active Li, and the accumulation of highly resistive
SELP! Such a process also results the fast formation of “dead
Li”, which are buried with highly resistive SEI and would not
participate in the following electrochemical reactions, since its
electrical connection is cut off by thick SEI. Due to the relatively
low utilization of metallic Li in the loose surface layer, bulk Li
under such layer has to participate in the subsequent electro-
chemical cycling, which makes the loose layer continuously
grow towards the bulk Li over cycling. This phenomenon will
dramatically increase the battery impedance and directly lead to
failure of batteries. The dense structure of the surface layer of
the LLNO-25 electrode are direct evidence of the uniformity of
SEI. Therefore, the introduction of LiNOj; in the bulk Li helps
to form a stable SEI and enable reversible metallic Li plating/
stripping behavior. These results suggest the significant effect
of the “LiNOs-in-Li” structure in regulating the electrochemical
Li plating/stripping behavior of metallic Li.

The accumulation of SEI leads to increase in battery imped-
ance, and final battery degradation and failure. EIS measure-
ment was conducted for the symmetric cells after various cycles
(after 50, 100, and 150 cycles) to verify the ability of LLNO-25
electrode in suppressing the side reactions and improving
the electrochemical performance. The Nyquist plots of sym-
metric LLNO-25|[LLNO-25 and Li||Li cells are provided in
Figure 3gh, respectively, and the values of each resistance
component were extracted using a suitable equivalent cir-
cuit model (inset of Figure 3g). The value of each resistance
component of the LLNO-25 electrode is much smaller than
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Figure 3. Structure evaluation of the pure Li and LLNO-25 composite electrodes on cycling by testing LLNO-25||[LLNO-25 and Li||Li symmetric cells
at 1 mA cm=2 and 1 mA h cm™2. a) Top-view SEM image of a LLNO-25 electrode after 10 cycles. b) Top-view and c) cross-sectional SEM images of a
LLNO-25 electrode after 50 cycles. d) Top-view SEM image of a pure Li electrode after 10 cycles. e) Top-view and f) cross-sectional SEM images of a
pure Li electrode after 50 cycles. Nyquist plots of g) the LLNO-25 composite and h) pure Li electrodes after 50, 100, and 150 cycles. The inset shows
the corresponding equivalent circuit model, where R, Rsg), Ry, and R, represent the solution, SEI film, reaction layer, and charge transfer resistances,
respectively. i) High-resolution N 1s XPS spectra of a LLNO-25 electrode after 50 cycles (20 min of Ar-ion etching).

that of the pure metallic Li in each tested cycle, the latter of
which increases quickly with the increase of cycle number.
The values of Rgg; (resistance from SEI) are 2.08 and 6.79 Q
for the LLNO-25 electrode after 50 and 150 cycles, respectively.
In contrast, the corresponding values are 8.32 and 32.91 Q for
the pure Li metal electrodes (Table S2, Supporting Informa-
tion). The rapid increase of Rgg for pure Li electrode on cycling
can be ascribed to the fast accumulation of SEI film due to its
repetitive breaking-rearranging during cycling. The LLNO-25
electrode displays stable R, (impedance from the reaction layer
of electrodes) with negligible change for the tested cycles (50th
cycle, 100th cycle, and 150th cycle), indicating that LiNOjs in the
LLNO-25 electrode can effectively reinforce the SEI and sta-
bilize the Li plating. On the other hand, the Ry for the pure
Li metal electrode decreases from 1725 Q for the 50th cycle to
6.16 Q for the 100th cycle probably due to the pulverization
of reaction layer which creates increased contact interface
between the active electrode and electrolyte. To understand the
positive effect of LiNO; in improving the electrochemical
performance of LLNO electrode, XPS analysis was conducted for
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the LLNO-25 electrode after 50 cycles. Ar-ion etching (20 min) was
carried out before the collection of XPS information. Figure 3i
shows the high-resolution N1s XPS spectrum of the cycled
LLNO-25 electrode. The N 1s core level region presents three
obvious peaks at 398.2, 404.2, and 407.8 eV, which can be attrib-
uted the signals of Li;N, LiNO,, and LiNOj3, respectively.2+30-32]
Compared with the pristine LLNO-25 electrode (Figure 2d),
the relative intensity of the Li;N peak increases significantly
and other two peaks display relatively lower peak intensity sug-
gesting the further reduction of LiNO; and generation of LiNO;
derivatives over cycling. The strong XPS characteristic peaks of
Li,O are detected in the Li 1s (54.25 eV) and O 1s (528.0 eV)
spectra (Figure S20, Supporting Information), which veri-
fies the existence of Li,0.*#>3% Li;N, LiN,O, and Li,O help
to construct a stable Li metal electrode with stable SEI, while
Li3N and LiN,O, can enhance the conductivity of the electrode
due to their high Li* conductivity.?] Also, Li,O can improve
the mechanical strength of SEI, and thus enable good stability
during the cycling."! The LiNO; and formation of its deriva-
tives enable much more stable SEI and higher electrochemical

© 2021 Wiley-VCH GmbH
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Figure 4. Electrochemical performances of the pure Li anode and LLNO-25 composite anode coupled with high-loading commercial LiCoO, cathode
(=20 mg cm™) at a current density of 0.1 C (the first three cycles) and 0.5 C (the following cycles). a) Voltage profiles of the LLNO-25|| LiCoO, and
LiCoO,||Li cells and b) their corresponding cycling performance. c) Cross-sectional SEM image of a LLNO-25 composite anode after 50 cycles and
d-g) the corresponding EDS mapping images. h) Cross-sectional SEM image of a pure Li anode after 50 cycles and i-l) the corresponding EDS map-

ping images.

reversibility of metallic Li in comparison to the pure Li, accom-
panied by lower consumption of liquid electrolyte and produc-
tion of “dead Li”.?’! In fact, the corrosion of pure metallic Li in
carbonate-based electrolyte is very severe and causes fast battery
degradation, which has been widely reported.*24] A Li metal
full cell with a cathode with commercial-level areal capacity
loading can only cycle for <50 cycles in carbonate-based electro-
lyte due to the exhaustion of electrolyte and formation of very
thick SEI on the anode.l0#

To show the ability of LLNO electrode in suppressing the
side reactions between electrolyte and metallic Li, electrochem-
ical cycling evaluation was conducted under a lean electrolyte
condition. For practical application, full cells in coin cell con-
figuration were assembled by pairing the LLNO-25 anode (or
pure Li anode) with commercial high-loading LiCoO, cathode
(=20 mg cm™2, Figure S21, Supporting Information) using
lean electrolyte volume of =12 pL. These cells were tested at
0.5 C (1 C = 140 mA g7 after three activation cycles at 0.1 C.
As shown in Figure 4a, identical charge and discharge plateaus
and similar specific capacities were achieved in both cells at
the initial cycles, suggesting stable electrochemical behavior
of the LLNO-25 electrode. Distinct increase in polarization
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was observed in voltage curves of the Li||LiCoO, cell with cycle
increase (Figure 4a and Figure S22, Supporting Information),
indicating the increase of impedance due to the consumption
of electrolyte, companied by the increase of reaction layer. Sig-
nificant difference was found, where the LLNO-25||LiCoO, cell
maintained a stable cycling capacity and Li||LiCoO, cell failed
after 37 cycles (Figure 4b and Figure S22, Supporting Informa-
tion). These results suggest the significant role of LiNO; from
the LLNO composite in extending the cycle life of batteries in
harsh conditions. After 100 cycles, a high capacity retention of
93.1% for LLNO-25||LiCoO, cell is achieved (Figure 4b). The
superior cycling stability of the batteries using LLNO-25 anode
under lean electrolyte condition is ascribed to the presence of
LiNO; and its derivatives in the composite electrode that ena-
bles a stable SEI and reduces the corrosion of metallic Li against
carbonate-based electrolyte. To investigate the structures of the
LLNO-25 and pure Li electrodes after cycling, LLNO-25||LiCoO,
and Li||LiCoO, cells were assembled with =50 uL electro-
lyte and cycled at 0.5 C for 50 cycles (Figure S23, Supporting
Information). The LLNO-25 electrode delivers a thin reaction
layer (=26 um) after 50 charge/discharge cycles (Figure 4c-g),
while the reaction layer of pure Li anode reaches about 82 um
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(Figure 4h-1), which are in agreement with results of symmetric
cells. The strong signals of C, O, F, and P were observed in the
corresponding EDS elemental mapping images (Figure 4d-g
for the LLNO-25 and Figure 4i- for the pure Li), which arise
from the decomposition and permeation of electrolyte into the
porous reaction layer. This result indicates that the introduction
of LiNO; can stabilize the active Li/electrolyte interface and sup-
press the consumption of active Li and electrolyte. Figure S24,
Supporting Information illustrates the failure mechanism of
the pure Li and LLNO-25 composite anodes. For pure Li anode,
the repeated uneven plating/stripping of mossy Li with high
surface area leads to the continuous breaking and re-forming
of SEI during cycling and a loose electrode structure. Also, this
process continuously consumes active Li and electrolyte, and
finally results in the fast failure of Li electrode. As comparison,
the plated Li deposits with stable SEI can reduce the consump-
tion of active Li and electrolyte, resulting in prolonged cycle life
of the LLNO-25 composite electrode. To further evaluate the
chemical stability of the LLZO-25 composite and pure Li against
electrolyte, SEM was employed to investigate the thickness of
the corrosion/passivation layers after immersing the electrodes
in electrolyte for 150 h (Figure S25, Supporting Information).
As shown in Figure S26, Supporting Information, the passi-
vation layer of the pure Li foil is about three times the thick-
ness of the LLZO-25 composite foil (=28 um for pure Li foil
and =9 um for LLZ0O-25 composite foil), again verifying that
the uniform introduction of LiNOj; in the bulk of metallic Li
improves the chemical stability of metallic Li electrode against
carbonate-based solvents.

3. Conclusion

In summary, we fabricated a “salt-in-metal” metallic Li based
composite anode by introducing LiNO; additive into the bulk
of metallic Li using a facile mechanical kneading approach,
which helps to construct a stable SEI and enable reversible
battery cycling in a lean carbonate electrolyte condition. Con-
ceptually, the introduction of LiNO; into metallic Li electrode
provides new insights for addressing the challenge of elec-
trolyte additives with low solubility in commercial carbonate
electrolytes. Technically, cold rolling approach is facile, safe
and economical. In the as-fabricated LLNO electrode, LiNO;
was embedded in the entire metallic Li electrode. The LiNO;
derived derivatives work as functional component in the SEI,
helping to increase the ionic conductivity, decrease the nuclea-
tion energy barrier, and regulate the uniform plating/strip-
ping of metallic Li. Moreover, the coexistence of LiNO; and its
derivatives can reinforce the initial SEI and in-situ repair the
damaged SEI resulting from Li stripping/plating, hence ena-
bling long-term cycle life. Li deposits with uniform morphology
and large size are observed for the cycled LLNO-25 composite.
LiCoO,||LLNO-25 full cell with high cathode loading using lean
electrolyte volume of =12 pL exhibits stable cycling and displays
a high capacity retention of 93.1% after 100 cycles at 0.5 C.
In contrast, fast capacity decay of the counterpart using pure
Li anode is observed. Based on the facile synthesis and much
improved electrochemical performance, we firmly believe that
introduction of LiNOj into the bulk metallic Li via a mechanical
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kneading approach provides an alternative strategy to address
the low solubility of additives in electrolyte and is promising
for practical application in rechargeable Li metal batteries. Also,
the concept of “salt-in-metal” can be extended to other electro-
lyte additives and alkali metal electrode systems.

4. Experimental Section

All experimental details are included in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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