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ABSTRACT: Rechargeable lithium metal batteries are of tremendous Li*
interest due to the high theoretical capacity and low reduction potential of
lithium metal anode. However, the formation of unstable solid electrolyte \_
interphase (SEI) results in lithium dendrite growth and low Coulombic

efficiency during Li plating/stripping processes. Herein, we report an effective

strategy to stabilize Li metal anode by in situ constructing antimony-based
lithiophilic interphase on Li anode (Sb—Li) using antimony triiodide-
tetrahydrofuran (THF) solution. The antimony-based lithiophilic interphase \_
is composed of amorphous antimony and lithium compounds, revealed by in-
depth X-ray photoelectron spectroscopy. The Sb—Li anode enables dendrite-
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free Li deposition in both ether- and ester-based electrolytes. As a result, as-

assembled lithium—sulfur (Li—S) batteries with Sb—Li anode exhibit an initial capacity of 915 mAh g™" at 1.0 C and a capacity
retention >83% after 400 cycles. Operando Raman analysis confirmed that the antimony-based lithiophilic interphase can
prevent parasitic side reactions, and also relieve the shuttle effect of polysulfides. Furthermore, Sb—LilLiFePO, cells have also
realized high rate performance and stable cyclability. We expect this effective strategy for stabilizing Li metal anode will provide

a valuable route to develop high-energy Li metal batteries.

B INTRODUCTION

Recently, the ever-increasing demands of portable electronic
devices and electrical vehicles have greatly promoted the
research interests in high-energy rechargeable batteries."”
Lithium (Li) metal is regarded as a promising anode material
for next-generation rechargeable batteries owing to its highest
theoretical capacity (3860 mAh g™') and most negative redox
potential (—3.04 V vs standard hydrogen electrode) among all
metals.>* However, unlike conventional graphite anode,
nonuniform deposition of Li and its high reactivity with the
electrolyte lead to uncontrolled formation of fragile solid-
electrolyte interphase (SEI) and needle-like dendrites, which
may cause serious safety issues.”~ Meanwhile, during repeated
Li plating/stripping, the accumulated SEI continually con-
sumes electrolyte and Li, leading to low Coulombic efficiency,
increased interfacial resistance, and limited cycle life." " The
mechanical instability and inhomogeneity of the SEI layer has
become a big bottleneck for the commercialization of
secondary batteries based on lithium metal anodes.

To date, a number of strategies have been proposed to
construct stable electrode/electrolyte interphase for suppress-
ing the Li dendrite growth and reduce side/parasitic reactions.
High-concentration lithium salts'' and different electrolyte
additives (polysulﬁdes,12 LiNO,,"? organosulﬁdes,14 nano-
diamonds') have been utilized to form stable SEI layers for
stabilizing the Li metal surface. However, owing to the
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continuous consumption of the additives or salts upon cycling,
achieving long-term suppression of Li dendrite growth is still
not fully satisfying. Solid and polymer/gel electrolytes with
high mechanical modulus can physically prevent the Li
dendrite penetration through the separator.'®”"’ Nevertheless,
the high interfacial resistance and low room-temperature
conductivity of these electrolytes greatly restrict their practical
utilization. Different from the above two methods, constructing
a stable and robust interfacial protective layer is another
feasible route to stabilize the Li plating/stripping processes of
lithium metal anode. Recently, artificial SEI (such as
ALO,,>”*" lithium phosphorus oxynitride (LiPON),**
LiPO;,>* and LisN**), Lirich alloys (Lij;In;™ and lithium
silicide®®), and carbon matrix (carbon nanospheres,” multiwall
carbon nanotubes,”’ graphene®”) have been proved to be
effective for regulating Li deposition and blocking Li dendrite
growth to varying extent. Briefly, we suggest that an ideal
protective layer should possess the followin% features: (1) high
ionic conductivity for fast Li ion transport, 230 (2) electronic
insulation/low electronic conductivity for inhibiting electrolyte
decomposition,””" (3) good mechanical strength to prevent
dendrite penetration,”” and (4) high chemical stability to
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endure long-term cycling processes.”” Therefore, new
approaches to rationally fabricate a highly stable SEI that can
effectively prevent the electrolyte loss and dendrite growth are
urgently required for the practical application of lithium metal
batteries.

To fulfill the above requirements, here we report an effective
strategy for controlled formation of a multifunctional
antimony-based lithiophilic interphase on Li metal anode.
Antimony, as a potential candidate of anode materials for Li-
ion batteries,”* can react with Li metal to form a layer of Li;Sb
alloy, which has low interfacial resistance to enable fast lithium
ion migration and also can effectively passivate the highly
reactive Li anode. By immersing Li electrode in antimony
triiodide-THF solution, a lithiophilic interphase with composi-
tional gradients of amorphous antimony species (Li;Sb, Sb,
and SbO,) and lithium compounds (Lil, LiOH, Li,CO,, and
Li,O) can be in situ formed. During electrochemical tests, the
antimony-based lithiophilic interphase exhibits high ionic
conductivity, low electronic conductivity, and high electro-
chemical stability, thus it can serve as an effective artificial SEI
layer. Moreover, because of the electronic insulation of Lil and
other compounds in the lithiophilic interphase,®” the
deposition of Li dendrites on the surface can be inhibited,
enabling uniform Li metal deposition underneath the
lithiophilic interphase.”” As a result, this antimony-based
lithiophilic interphase on Li (Sb—Li) anode can effectively
prevent the formation of Li dendrites, reduce the parasitic
reactions with liquid electrolyte and render the uniform
deposition of Li metal. The symmetric cells based on Sb—Li
electrodes show very stable Li plating/stripping voltage profiles
for 1300 and 260 h at 0.5 and 2.0 mA cm™? respectively.
Moreover, when paired with sulfur composite or LiFePO,
cathodes, the Sb—Li anode can greatly enhance the cycling
stability and rate performance in contrast to pristine Li anode.
In particular, the antimony-based lithiophilic interphase can
reduce the side reactions of soluble long-chain polysulfides in
ether-based electrolytes and greatly inhibit the shuttle effect,
thus leading to highly improved performance of Li—S batteries.

B EXPERIMENTAL SECTION

Preparation of Antimony-Protected Lithium Anodes. An in
situ formed antimony-based lithiophilic interphase was coated on
lithium foil by a simple displacement reaction process between Li
metal and Sbl; at room temperature. Typically, lithium foil (with the
diameter of ~12 mm and the thickness of ~500 ym) was polished
using plastic scraper in an argon-filled glovebox (<1 ppm oxygen and
H,0). Subsequently, the polished lithium foil were immersed in a SO
mM Sbl;-tetrahydrofuran(THF) solution (S mL) for about 3 min
until the surface was completely turned to black. The Sb—Li electrode
was rinsed with THF solvent to remove residual Sbl;, and preserved
in the glovebox prior to use. As control samples, lithium foils were
also immersed in S, 25, or 100 mM SbI;-THF solutions for the same
period to adjust the surface morphologies of the antimony-based
lithiophilic interphase.

Preparation of CNTs/S Composite Cathodes. The CNTs/S
cathodes were prepared via a melt-diffusion strategy. Briefly,
commercial CNTs were ground together with sulfur powder at a
weight ratio of 3:7, and then the mixture was coheated at 155 °C in a
sealed glass vessel for 6 h to yield CNTs/S composite with 67 wt %
sulfur content. A slurry was prepared by mixing 80 wt % of as-
prepared CNTs/S composite, 10 wt % of KJ-black (EC600]) as
conductive agent, and 10 wt % of polyvinylidene fluoride (PVDF) in
N-methyl-2-pyrrolidone (NMP). The slurry was then casted on Al foil
and dried in a vacuum oven at SS °C for 12 h. The CNTs/S
electrodes were cut into disks with a diameter of 12 mm, and then
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transferred into the glovebox. The areal mass loading of sulfur in the
electrodes was normally 1.1 mg cm™2 and increased to 2.8 or 4.8 mg
cm™? for the thick electrodes.

Preparation of LiFePO4 Cathodes. Briefly, 80 wt % of
commercial LiFePO, powder, 10 wt % of super P carbon black, 10
wt % of PVDF was mixed in NMP solvent to form a slurry. The slurry
was blade-coated on Al foil and dried in a vacuum oven at 100 °C for
12 h. Then, the electrode was cut into small disks with a diameter of
12 mm. The areal loading of LiFePO, was about 2.5—3.0 mg cm ™2

Materials Characterizations. The top-view and side-view
morphologies of the antimony-based lithiophilic interphase on lithium
foil were observed on scanning electron microscope (SEM, FEI Nova-
450 V). To avoid possible surface oxidation and parasitic reactions,
the samples were placed in a sealed vial filled with argon and quickly
transferred from glovebox to the high-vacuum chamber. Energy-
dispersive X-ray spectrometer (EDX, Bruker Quantax-200) attached
on the SEM was used to analyze the compositions. To observe the
electrode morphologies after cycling, the cycled cells were dissembled
inside the glovebox, and the cycled Li anodes were rinsed with DME
and dried in the glovebox at room temperature. Raman spectra were
collected using a Horiba JY Evolution Raman spectrometer with an
excitation laser of 473 nm wavelength. X-ray photoelectron spectros-
copy (XPS) were performed on a PHI-S000 VersaProbe X-ray
photoelectron spectrometer with an Al Ka X-ray radiation to
investigate the surface compositions, and the depth-profiles of XPS
analysis were obtained with the assistance of argon-ion sputtering for
3 or 7 min. The samples were quickly transferred from glovebox to the
XPS chamber with the help of an Ar-filled sealed vial to avoid surface
oxidation. The sulfur content in the CNTs/S composite was
determined by thermogravimetric analysis (STA 449C, NETZSCH)
under N, with a ramp rate of 10 °C min™".

Electrochemical Measurements. Electrochemical tests were all
carried out using CR2032 coin cells. The symmetric cells were
assembled with two pristine Li or Sb—Li electrodes, a Celgard 2400
polypropylene separator, and 30 uL of 1.0 M lithium bis-
(trifluoromethane)sulfonimide LiTFSI in 1,3-dioxolane/1,2-dime-
thoxyethane (DOL/DME; 1:1 vol) as the electrolyte. To evaluate
the performances of the protected layer in full cells, pristine Li and
Sb—Li electrodes were used to assemble Li—S and LiFePO, full cells
with CNTs/S and LiFePO, cathodes, respectively. The Li—S cells
were assembled by using CNTs/S cathodes, Celgard 2400 separators,
pristine Li or Sb—Li anodes. The electrolyte was 30 uL of 1.0 M
LiTESI in DOL/DME (1:1 vol %) added in each Li—S cell. The
LiFePO, full cells were assembled with LiFePO, cathodes, Celgard
2400 separators and pristine or Sb—Li Li anodes. Then, 40 uL of 1 M
LiPF, in ethylene carbonate/diethyl carbonate (EC/DEC, 1:1 vol %)
was used as the electrolyte for the LiFePO, full cells. All coin cells
were galvanostatically cycled on a LAND-CT2001 8-channel battery
tester. The voltage windows for the tests of CNTs/S and LiFePO,
cathodes were set to 1.8—2.8 and 2.5-4.25 V, respectively.
Electrochemical impedance spectroscopy (EIS) measurements were
conducted on a Chenhua CHI-760E electrochemical workstation
between a frequency range of 100 kHz to 0.1 Hz. The ionic
conductivity () of the antimony-based lithiophilic interphase was
calculated based on the equation: 6 = d/SR, where d (cm) is the
thickness of the electrode, S (cm?) is the contact area of the electrode,
and R (Q) is the interfacial resistance.

Operando Raman Spectroscopic Analysis. The electro-
chemical cell with a sealed quartz widow of 5 mm diameter for
operando Raman analysis was purchased from Beijing Scistar
Technology Co. Ltd. For the collection of operando Raman spectra
on the cathodic side, self-supporting carbon paper was used as the
sulfur host material. To reduce the signal-to-noise ratio and enhance
the peak intensities of Raman spectra, the areal sulfur loading of the
cathodes was set to ~3.0 mg cm™ The Li—S cells were
galvanostatically discharged at a current density of 0.2 C at room
temperature. Meanwhile, the operando Raman spectra were recorded
on a Horiba JY Evolution Raman spectrometer with an excitation
laser of 473 nm wavelength and L50X objective lens.
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Figure 1. Structure and composition characterizations of antimony-based lithiophilic interphase. (a and b) Top-view SEM images of antimony-
based lithiophilic interphase covered on Li metal. The inset in panel a shows a digital image of the Li foil coated with antimony-based lithiophilic
interphase. (c) Cross-section SEM image of antimony-based interfacial layer protected Li foil. (d) Raman spectra of pristine Li foil and antimony-
based interfacial layer protected Li foil. (e and f) EDX spectrum and corresponding element mappings of antimony-based lithiophilic interphase.

B RESULTS AND DISCUSSION

The antimony-based lithiophilic interphase was prepared by
the spontaneous reaction of Li metal and antimony triiodide
(SbL;) in the anhydrous THF solvent at room temperature.
First, to remove any possible oxidization layer or contami-
nations, the Li metal foil was placed in an Ar-filled glovebox
and polished until the surface showed silvery luster. The
polished Li metal was then immersed into S0 mM Sbl;/THF
solution for a few minutes to form antimony-based lithiophilic
interphase on its surface. The surface morphology of the
lithiophilic interphase was monitored by scanning electron
microscopy (SEM), as shown in Figure 1a,b. The as-obtained
lithiophilic interphase on the Li metal surface shows a dense
and uniform surface covered with granular structures of about
150—300 nm diameter (Figure 1b). The cross-section view
reveals that the thickness of the lithiophilic interphase is ~2.5
um (Figure 1c and S1). The formation of the antimony-based
lithiophilic interphase was verified by Raman spectroscopy
(Figure 1d). Two main peaks of E; and A, located at 112.3
and 145.3 cm™" show a slight blue shift compared with those of
metallic antimony in previous literature,*>*” which might result
from partly alloyed antimony and amorphous Li;Sb (Figure
$2). The additional A, band (255.3 cm™) and F,, band (189.7
cm™') can be assigned to SbO,, which should be originated
from the surface oxidation during the transfer process of
samples.’” Energy dispersive X-ray spectroscopy (EDS)
analysis and corresponding elemental mappings of the
antimony-based lithiophilic interphase show the uniform
distribution of Sb, C, O, and I elements (Figure le,f). The
iodine is presented in the form of lithium iodide (Lil), which
accounts for a weight ratio of 12.7 wt % in the antimony-based
lithiophilic interphase. Moreover, the effects of reagent
concentration on the surface morphology of the lithiophilic
interphase were also investigated. It was found that Sbl;/THF
solutions with lower concentrations (S or 25 mM) could not
form a compact and dense lithiophilic interphase on the Li
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surface (Figure S3a,b). At higher Sbl; concentration (100
mM), rough surface with some cracks was observed (Figure
S3c), which may lead to uneven Li deposition.

The compositions and chemical states of antimony-based
lithiophilic interphase were further probed by X-ray photo-
electron spectroscopy (XPS) profile analysis (Figure 2). The
content of oxygen dramatically decreased after Ar-ion
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Figure 2. In-depth XPS analysis of antimony-based lithiophilic
interphase. (a) XPS spectra of antimony-based lithiophilic interphase
at pristine state, after Ar-ion bombardment for 3 min, and after Ar-ion
bombardment for 7 min, respectively. (b) The depth profiles of
atomic concentrations of O, Li, Sb, I, and C elements in the
antimony-based lithiophilic interphase. (c—e) High-resolution XPS
depth profiles at (c) Sb 3d, (d) Li Is, and (e) I 3d regions of
antimony-based lithiophilic interphase at pristine state, after Ar-ion
bombardment for 3 min, and after Ar-ion bombardment for 7 min,
respectively.
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Figure 3. Cycling stability comparisons of pristine Li and Sb—Li electrodes. (a—c) Voltage profiles of the symmetric cells with pristine Li and Sb—
Li electrodes under the current densities of (a) 0.5, (b) 2.0, and (c) 5.0 mA cm™ with a fixed capacity of 1 mA h cm™, respectively. (d) Discharge
mid voltage differences of the symmetric cells with pristine Li and Sb—Li electrodes corresponding to panel b. (e) Morphologies of pristine Li and
Sb—Li electrodes after cycling at a current density of 2.0 mA cm™ for 75 h. (f) The cross-sectional image of Sb—Li electrode after plating at 2.0
mAh cm™. (g) Rate performance test of symmetric cells with pristine Li and Sb—Li electrodes at different current densities of 0.2 0.5, 1.0, 2.0, 5.0,
and 10 mA cm ™2 with a fixed capacity of 1 mAh cm™. (h) Electrochemical impedance spectra of the symmetric cells with pristine Li and Sb—Li

electrodes before and after cycling at 2.0 mA cm™ for 75 cycles.

sputtering (Figure 2b), suggesting that the surface oxide layer
mainly existed on the upper 30 nm.”> The high-resolution Sb
3d XPS spectrum of Sb—Li electrode exhibits two main peaks
at 526.9 and 536.4 eV (Figure 2c, bottom), which are assigned
to Li;Sb.”® The adjacent peaks at 528.4 and 537.2 eV
corresponded to zerovalent Sb metal.’” Besides, two weak
peaks of SbO, at 529.4 and 338.5 eV are also observed.”
Though the bombardment of Ar-ion sputtering, the antimony-
based lithiophilic interphase can be etched by different
thicknesses for accurate depth profiling.”*> With the time of
Ar-ion bombardment increased from 3 to 7 min, the peaks
related to Sb metal and SbO, species gradually disappeared
(Figure 2c), while the peaks of Li;Sb metal showed no obvious
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change. The Li 1s XPS spectrum can be deconvoluted into four
peaks at 55.9, 55.4, 54.5, and 53.5 eV (Figure 2d, bottom),
which can be assigned to Lil, Li,CO; LiOH, and Lj,O,
respectively."' However, after 3 min of Ar-ion bombardment,
the characteristic peak of Li,O in the lithiophilic interphase
was disappeared (Figure 2d, center), indicating that the
antimony-based lithiophilic interphase can prevent the Li metal
from further oxidation. In the I 3d XPS spectrum, two
deconvoluted peaks of I 3ds,, and 3d;/, bands corresponding
to Lil are observed at 618.3 and 629.9 eV, respectively (Figure
2e).*> It can be concluded that the main ingredients in the
antimony-based lithiophilic interphase are amorphous anti-
mony (LiySb, SbO,, and Sb) and lithium compounds (Lil,
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LiOH, Li,CO;, and Li,O). Note that Li;Sb and Lil are the
major components at the inner region, while SbO,, Sb, Li,0,
LiOH, and Li,COj are mainly distributed at the upper surface
region.

To evaluate the electrochemical performances of antimony-
based lithiophilic interphase, symmetric cells with pristine Li or
Sb—Li electrodes were cycled at various current densities (0.5,
2.0, or 5.0 mA cm™?) with a stripping/plating capacity of 1
mAh cm™ using 1.0 M LiTFSI in 1,2-dimethoxyethane/1,3-
dioxolane (DME/DOL; 1:1) electrolyte. The symmetric cell
based on pristine Li electrodes displayed a gradual increase in
voltage hysteresis during Li plating/stripping processes. In
contrast, the symmetric cell with Sb—Li electrodes exhibited
low voltage polarization during cycling and greatly improved
cycling life. At a low current density of 0.5 mA cm™? the
symmetric cell based on pristine Li electrodes exhibited large
voltage divergence (100 mV) after 400 h, and followed by
short-circuit at 520 h (Figure 3a). On the contrary, the
symmetric cell with Sb—Li electrodes presented stable voltage
profiles with low hysteresis below 50 mV and a flat plateau
over 1268 h. When the current density increased to 2.0 mA
cm™? the symmetric cell based on pristine Li electrodes
exhibited a sharp voltage divergence to 340 mV after 50 h and
failed quickly after merely 80 h, due to the repeated formation
and fracture of resistive SEI at the Li/electrolyte interfaces
(Figure 3b). However, the symmetric cell with Sb—Li
electrodes cycled at 2.0 mA cm™ still showed good cycling
stability for over 260 h (260 cycles) and low voltage hysteresis
of ~70 mV. The differences in cycling stability were more
obvious at higher current density. At a high current density of
50 mA cm 2 the symmetric cell based on pristine Li
electrodes presented continuous increase in voltage hysteresis
after only several cycles and resulted in short-circuits after 47 h
(Figure 3c). In contrast, the symmetric cell with Sb—Li
electrodes can be stably plated/stripped for more than 148 h
(370 cycles) with an average voltage hysteresis of ~200 mV.
Compared with the Sb—Li electrode, the pristine Li electrode
exhibited a large discharge mid voltage difference of 0.69 V
after only 75 cycles at 2.0 mA cm™* (Figure 3d), indicating the
failure of the cell caused by unstable SEI and dendrite growth;
while the Sb—Li electrode showed stable discharge mid voltage
for over 260 cycles. The Nyquist plots and ionic conductivity
of the cells with Sb—Li electrodes as a function of temperature
are shown in Figure S4. The interfacial resistance of the
symmetric cells with Sb—Li anodes gradually decreased with
the increase of temperature. The ionic conductivity of the Sb—
Li electrodes is measured to be 1.11 X 107> S cm™" at 30 °C.

To evaluate the stability of Sb—Li electrode, time-dependent
electrochemical impedance spectroscopy (EIS) of LilLi
symmetric cells based on pristine Li or Sb—Li electrodes was
measured. As the testing time increases, the charge transfer
resistance (R,) of the cell based on pristine Li electrodes
continuously increases, whereas the R, of the cell with Sb—Li
electrodes shows very little change after 50 h (Figure SS). This
result demonstrates the high stability of Sb—Li electrode,
which can be attributed to its lithiophilic interface with organic
electrolyte. The structure and composition evolutions of
pristine Li and Sb—Li electrodes after long-term cycling were
also compared. Figure 3e shows the morphologies of pristine
Li and Sb—Li electrodes after cycling at 2.0 mA cm™ for 75 h.
The pristine Li electrode displays uneven and porous surface
covered by numerous Li dendrites, and the thickness of loose
dendrite structure is measured to be ~118 um. By contrast, the
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Sb—Li electrode shows a flat and dense surface without visible
Li dendrite formation. The cross-section SEM image of Sb—Li
electrode after plating at 2.0 mAh cm™> shows the uniform
deposition of lithium metal under the antimony-based
lithiophilic interphase (Figure 3f). Moreover, XPS analysis of
Sb—Li electrode were also performed after Li plating/stripping
for 10 cycles (Figure S6). The XPS peak intensities and
positions showed very slight changes, except that the peaks of
Li;Sb alloy originated from the lithiation of Sb metal was
emerged. This result indicates that the antimony-based
lithiophilic interphase is electrochemically stable during
cycling.

The rate capability of pristine Li and Sb—Li electrodes was
evaluated by cycling the symmetric cell at various current
densities from 0.5 to 10 mA cm™ with a constant capacity of 1
mAh cm™ For pristine Li electrode, the voltage hysteresis
sharply increased from 150 to 720 mV as the current densities
increases from 0.2 to 10 mA cm™>. In comparison, when cycled
at 0.2, 0.5, 1.0, 2.0, 5.0, and 10 mA cm?, the average voltage
hysteresis of symmetric cell based on Sb—Li electrodes was
around 18, 32, 60, 105, 185, and 370 mV, respectively (Figure
3g). Obviously, the symmetric cell based on Sb—Li electrodes
shows much lower voltage hysteresis at high current densities.
Electrochemical impedance spectroscopy was also conducted
to reveal the variation of interfacial resistance in the symmetric
cells before and after cycling. Figure 3h shows the Nyquist
plots of symmetric cells with pristine Li and Sb—Li electrodes
before and after 75 cycles at 2.0 mA cm™>. The semicircle at
the high-frequency range is visually interpreted as the
interfacial charge-transfer impedance at the electrolyte/
electrode interface. Before cycling, the interfacial resistance
of the symmetric cell with pristine Li electrodes was 132 €,
which increased to a higher resistance of 178 Q after 75 cycles.
In contrast, the interfacial resistance of the symmetric cell
based on Sb—Li electrodes only slightly increased from 63 to
74 Q after 75 cycles. These results verify the improved cycling
stability and fast Li stripping/plating kinetics attributed to the
antimony-based lithiophilic interphase.

To further demonstrate the effectiveness of antimony-based
lithiophilic interphase in carbonate-based electrolytes, galvano-
static plating/stripping tests of symmetric cells based on
pristine Li and Sb—Li electrodes using 1.0 M LiPF,—EC/
DMC (ethylene carbonate/dimethyl carbonate) electrolyte
were also carried out (Figure S7). Compared with pristine Li
electrodes, the cell with Sb—Li electrodes exhibits a stable
voltage profile with a low hysteresis of ~75 mV for 500 h,
suggesting that the antimony-based lithiophilic interphase can
greatly enhance the interfacial stability of Li metal anode in
carbonate electrolyte.

Li—S batteries have attracted great attention due to its high
theoretic energy density.”” However, some critical issues
associated with Li metal anode, such as Li dendrite growth
and its high reactivity to electrolyte/polysulfide intermediates,
still remain as major concerns.*” The antimony-based
lithiophilic interphase is expected to avoid the direct contact
of Li anode with polysulfide species, thus capable of blocking
the side reactions of Li anode and suppressing the shuttle effect
of polysulfides.*~*" To verify the superiority of the Sb—Li
anode compared to pristine Li anode, lithium—sulfur (Li—S)
batteries using commercial carbon nanotubes (CNTs) as the
sulfur host material were assembled and tested (Figure S8a).
The melt-diffusion method was used to prepare the CNTs/S
cathodes with a sulfur content of 67 wt % (Figure S8b). The
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Figure 4. Electrochemical performances of Li—S$ batteries based on pristine Li and Sb—Li anodes. (a, b) Galvanostatic charge/discharge curves of
Li—S batteries using (a) pristine Li and (b) Sb—Li anodes cycled at 0.1 C (1 C = 1675 mA g5, '), respectively. (c) Cycling performance of Li—S
batteries with pristine Li and Sb—Li anodes at 0.1 C. (d and e) Discharge capacity and voltage profiles of Li—S batteries based on pristine Li and
Sb—Li anodes at stepwise current rates from 0.1 to 2.0 C, respectively. (f) The potential differences between the charge and discharge plateaus at
various current rates of Li—$S batteries with pristine Li and Sb—Li anodes. (g) Long-term cycling performances of Li—S$ batteries with pristine Li
and Sb—Li anodes at 1.0 C. (h) The areal capacities of Li—S batteries using Sb—Li anodes with high areal mass loadings of CNTs/S cathodes (2.8

and 4.8 mg, g, cm™>) cycled at 0.1 C.

galvanostatic charge/discharge behaviors of the Li—S cells
based on pristine Li and Sb—Li anodes at current density of 0.1
C were investigated (Figure 4a—c). As shown in Figure 4a, the
discharge curves of the cell with pristine Li anode exhibited
two voltage plateaus at around 2.3 and 2.1 V at a current
density of 0.1 C, which is consistent with the multistep sulfur
electro-reduction in ether-based electrolyte. The discharge and
charge plateaus of both Li—S cells with pristine Li and Sb—Li
electrodes during the first cycle are consistent with the
cathodic and anodic peak positions in the corresponding cyclic
voltammetry curves (Figure S9). Note that the Li—S cell with
Sb—Li anode shows lower potential hysteresis and higher
discharge capacity than that of the Li—S cells based on pristine
Li anode (Figure 4b). Figure 4c shows the cycling perform-
ances of the Li—S cells based on pristine Li and Sb—Li anodes.
After S0 cycles at 0.1 C, the discharge capacity of the cell with
Sb—Li anode maintained at 1185 mA h g™' with a capacity
retention as high as 90%, suggesting that the Sb—Li anode can
effectively block the shuttle effect of polysulfides; while the cell
with pristine Li anode retained only 74% of its initial discharge
capacity.

The rate performances of Li—S batteries based on pristine Li
and Sb—Li anodes were evaluated at various current densities
(Figure 4d). The discharge capacities of the cell with Sb—Li
anode were 1120, 991, 933, 818, and 688 mAh g_1 at different
current densities of 0.1, 0.2, 0.5, 1.0, and 2.0 C, respectively.
When the current rate recovered back to 1.0 C, the cell still
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delivered a high discharge capacity of 815 mAh g~ '. In
contrast, the cell with pristine Li anode showed significantly
lower discharge capacities at high current rates. The superior
rate performance of Sb—Li anode should be originated from
the lower polarization and better reaction kinetics than pristine
Li anode, which was confirmed by the smaller potential
differences between the charge/discharge plateaus of Sb—Li
anode (Figures 4e,f and S10). The Sb—Li anode also showed
good prolonged cycling performance at 1.0 C (Figure 4g).
After the activation at 0.1 C for the first cycle, the Li—S cell
with Sb—Li anode delivered an initial discharge capacity of 915
mAh g~ at 1.0 C. After 400 cycles, the reversible discharge
capacity still maintained at 740 mAh g~'. The capacity
retention was up to 80.8%, with an average capacity decay of
only 0.05% per cycle. Comparatively, the discharge capacity of
the Li—S cell with pristine Li anode accounts for only 37.8% of
the initialcapacity (868 mAh g™') after 400 cycles at 1.0 C. The
surface of Sb—Li anode after cycling in a Li—S cell for 400
times at 1.0 C exhibits flat and dendrite-free morphology,
whereas clear mossy-like dendrites and cracks are observed on
the surface of pristine Li anode after long-term cycling (Figure
S11). The areal capacity of Li—S batteries using Sb—Li anodes
with higher sulfur loading was also investigated. As shown in
Figure 4h, the Li—S batteries with a sulfur loading of 2.8 mg
cm™? exhibited an areal capacity of 2.5 mA h cm™ at 0.1 C.
When the sulfur loading is further increased to 4.8 mg cm™? a
higher areal capacity of approximate 4.0 mA h cm™ is achieved
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after 50 cycles. The competitive battery performances at high
sulfur loading demonstrates the promising potential of Sb—Li
anodes for the application in high energy-density Li—S
batteries.

Operando Raman spectroscopy was conducted to further
monitor the chemical evolution of active species during the
discharge process, and the apparatus configuration is illustrated
in Figure Sa,b. Figure Sc,d show the operando Raman spectra
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Figure S. Operando Raman spectroscopy analysis. (a) Digital photo of
the apparatus for operando Raman analysis performed on a cell
equipped with a sealed quartz widow to monitor the chemical
evolution of lithium polysulfides during the discharge process. (b)
Schematic configuration of the Li—S cells constructed for operando
Raman analysis. (c and d) Operando Raman spectra of the Li—S cells
with pristine Li (c) and Sb—Li (d) anodes at different discharge
states.

of the Li—S cells with pristine Li and Sb—Li anodes measured
during the first discharge process at 0.2 C, respectively. For the
cell with pristine Li anode (Figure Sc), at the initial state, the
characteristic Raman peaks at 150, 219, and 479 cm™! are
assigned to the formation of long-chain lithium polysulfides
(Li,Sg).** During the following discharge process, the peaks
corresponding to Sg gradually weakened and finally diminished,
owing to the conversion of long-chain Li,Sg to short-chain
Li,S, and Li,Ss. This can be confirmed by the emergence of
new Raman peaks at 198, 398, and 450 cm1.*% At the end of
the discharge process, the characteristic peaks of Li,S, and
Li,S were observed, due to the dissolution and shuttle effect of
polysulfides. Additionally, no Raman peaks of Li,S/Li,S, were
visible at the end of discharge process, because they mostly
existed in the amorphous form.>" In contrast, for the Li—$ cell
with Sb—Li anode (Figure 5d), the characteristic peak of Li,S,
was barely detectable during the entire discharge process, and
the weak peaks of Li,S, only appeared at the fully discharged
state. This result demonstrates that the antimony-based
protective barrier can effectively alleviate the shuttle effect of
polysulfides, in addition to preventing Li dendrite growth and
parasitic side reactions.

To further investigate the performance of Sb—Li anode in
carbonate-based electrolyte, LilLiFePO, and Sb—LilLiFePO,
cells were assembled using the electrolyte of 1 M LiPF, in EC-
DMC (V%, 1:1). The LiFePO, cells were first cycled at
stepwise current rates for 60 cycles and then cycled at 1.0 C for
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the subsequent 240 cycles (Figure 6a). The Sb—LilLiFePO,
cell delivered reversible capacities of ~141, 135, 117, 105, and
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Figure 6. Electrochemical performances of Sb—LilLiFePO, and Lil
LiFePO, cells. (a) Rate and cycling performance of LilLiFePO, and
Sb—LilLiFePO, cells. (b and c) Voltage profiles of (b) LilLiFePO,
and (c) Sb—LilLiFePO, cells cycled at stepwise current rates from 0.5
to 5.0 C (1.0 C = 170 mA g™').

94 mAh ¢! at 0.5, 1.0, 2.0, 3.0, and 5.0 C, respectively.
Obviously, the rate capabilities of the Sb—LilLiFePO, cell are
much better than the LilLiFePO, cell, especially at high current
densities. Moreover, the Sb—LilLiFePO, cell exhibited much
lower polarization voltages than those of LilLiFePO, cell at
different current rates (Figure 6b,c), indicating more uniform
lithium deposition on Sb—Li anode. After the stepwise rate
tests, the LiFePO, cells were cycled at 1.0 C for the subsequent
240 cycles. The Sb—LilLiFePO, cell also showed superior
cycling stability in comparison with LilLiFePO, cell. Notably,
the Sb—LilLiFePO, cell exhibited higher capacity retention of
93.1% than that of LilLiFePO, cell (83.2%) after the whole
cycling process (Figure 6a).

B CONCLUSIONS

In summary, here we report a very facile approach for realizing
dendrite-free Li plating by the in situ formation of a antimony-
based protected layer on Li metal anode. The antimony-based
lithiophilic interphase is mainly composed of the composi-
tional gradients of ion-conducting amorphous antimony
species (LizSb, Sb, and SbO,) and electron-insulating Lil
components, together with small amounts of Li,O, LiOH, and
Li,CO;. This lithiophilic interphase is electrochemically stable
in both ether- and ester-based electrolytes. Stable and dendrite-
free Li plating/stripping was demonstrated in Sb—LilSb-Li
symmetric cells. Moreover, the Li—S batteries with Sb—Li
anodes exhibited much better rate performance and cycling
stability than those with pristine Li anodes. When paired with
LiFePO, cathode, improved rate capability, longer cycling life
and lower polarization voltages can be achieved by Sb—Li
anode. We hope this work may provide new insights for the
suppression of dendrite growth in Li-metal based rechargeable
batteries by the construction of artificial lithiophilic inter-

phases.
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