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ABSTRACT

Metal sulfide, being a high-capacity anode material, is a promising anode material for rechargeable
lithium-ion batteries (LIBs). However, most research efforts have focused on improving their low cycling
performance due to multiple combined factors, including low conductivity, huge volume changes, multi-
step conversion/alloying reactions, and redox shuttling effect, during the cycling process. Here, we report
that by using AgSbS, nanowires as LIB anode materials, a record-breaking long cycle life metal sulfide
anode has been achieved through the silver synergistic electrochemical performance effect. We found
that while the AgSbS, nanowire anode is cycled, Ag precipitated out to form a nanocrystal tightly con-
nected with Sb and S and plays a key role in highly-reversible electrochemical performance. Ag can effec-
tively enhance the electrode conductivity, increase ion diffusion rate, serve a diluent huge volume
changes during conversion-alloying reactions, improve the absorbability and catalytic ability towards
LiPSs to reduce shutting effect of sulfur, and enhanced Li* adsorption. As a result, AgSbS, nanowire anodes
maintain 90% capacity retention over 5000 and 7000 cycles at the current densities of 500 mA g~! and
2000 mA g1, respectively, whereas the capacities of Sb,S; nanowire and Sb,S3/C nanowire anodes drop
rapidly within 10 cycles. The ultra-stable cycle life is superior to the state-of-the-art metal sulfide anodes.
Finally, using AgSbS, nanowires as the anode combined with the cathode LiNisCosMn,, a full battery after
480 cycles was assembled to verify that its stability (high retention rate of 99.5%) can be used in the cur-
rent commercial battery architecture. This work solves multiple problems related to shuttling effects and
complex reactions of metal sulfide anodes, and provides important progress for the future development
of metal sulfide anodes for LIBs.
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1. Introduction

With the increasing demand for electric vehicles and electronic
products, lithium-ion batteries (LIBs) have become the most
important electrical energy storage devices [1]. LIBs have the
advantages of high energy density [2-5], good rate performance
[6,7], long cycle life [8,9], and high output voltage [10]. As for the
anode material, the theoretical capacity of the commercial graphite
anode is only about 372 mA h g~!, which limits the further devel-
opment of its energy density [11]. Other potential LIB anode mate-
rials, such as alloyed elements (e.g., Sb, Sn, and Si) [12], metal oxide
materials (e.g., SnO,, SiO, Fe,03,) [13,14], metal chalcogenides (e.g.,
Cu,S, NiyS, SnS,, MoS,, and Sb,S3) [15] have been studied as anode
alternatives. These materials deliver a capacity of>500 mA h g~!
through the conversion and/or alloying reactions with Li*. How-
ever, poor electrode stability during cycling restricts their commer-
cialization possibility.

Metal sulfides have high LIB theoretical capacities
(>400 mA h g 1), unique electrochemical characteristics, and vari-
ous structural features such as nanowires, and are used in multiple
fields [16-19]. For example, antimony sulfide (Sb,Ss) is a model
system because it has a working potential of approximately 1 V
vs. Li*/Li, far away from the potential for forming lithium dendrites,
making it a safer anode electrode material for fast charging appli-
cations [20]. Based on the transfer of M,S, + 2yLi* + 2ye” —
XM + yLi,S, the metal sulfides not only undergo the conversion
reaction between Li* and M,S,, but also proceeds the alloying reac-
tions between the remaining metal and Li*. In addition, sulfur has
abundant reserves on the earth and the cost is extremely low.
Compared with in metal oxides, metal sulfides have weak M-S
bonds, thus leading to faster metal sulfide kinetics and more stable
mechanical properties during the conversion reaction [21-25].
However, poor conductivity and large volume changes during the
cycle reduce cycle stability and rate capability, further limiting
their practical applications [26-31]. In addition, sulfide is easily
dissolved in the electrolyte, causing a shuttle effect to affect cycle
life achieving less than 500 cycles and leading to low electrode
conductivity and electrode powdering [32-34]|. The widely used
method is to improve the electronic conductivity and mechanical
stability of the electrode materials through the strategy of using
nanomaterials as electrodes or carbon coating, thereby improving
the cycle stability and solving the problems of sulfide-based elec-
trodes. For example, one-dimensional (1D) nanostructures, such
as nanowires[35-37], nanobelts [38], nanofibers [39], nanorods
[40-42], nanotubes [43], can provide abundant electrochemical
active sites due to high aspect ratio and good mechanical strength,
the characteristics of high surface area, large electrolyte-electrode
contact area and reduced charging/discharging time so as to pro-
vide excellent electron transmission paths. The hybridization of
nanosized metal sulfides with carbon materials such as graphene
[44], carbon nanotubes, and porous carbon is an effective way to
avoid the above-mentioned problems [45,46]. However,
carbon-based reactions require complex, high-temperature,
multi-step procedures, and the carbon content is difficult to con-
trol, often accounting for a large proportion of composites. Metal
sulfide anodes still requires the focus of the development for
extending the cycle stability to meet the needs of durable elec-
tronic devices.

Recently, the synergy between the metal elements in the tern-
ary metal sulfide materials and the new chemical reactions
between the elements and lithium ions have attracted intense
attention [47]. For example, the Cu in CuSbS; electrode plays a crit-
ical role in the conversion reaction and the subsequent alloying
reaction of Sb and Li*. Cu is an inert element to Li*, but it provides
high electrical conductivity (6 x 10> S m~!) to promote charge
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transfer during electrochemical reactions. Moreover, Cu produce
a “dilution effect” to keep the alloying area small or prevent/limit
the agglomeration of alloyed particles [48,49]. Yadav et al. reported
that the addition Cu to binary antimony sulfide (Sb,S3) to form
ternary copper antimony sulfide (CuSbS;) that can increase con-
ductivity and decrease capacity loss [50]. However, despite
improvements by Cu, CuSbS, electrode still requires the addition
of reduced graphene oxide (rGO) to form CuSbS,-rGO composite
material, and only extended a cycle life to 1000 cycles.

Ag has a larger ion radius and higher electron affinity and con-
ductivity than Cu, but whether there is a positive improvement in
LIB anodes has rarely been studied. Here, we report by using
AgSbS, nanowires as an anode that is capable to be cycled up
to 7000 times for LIBs, which is superior to the state-of-the-art
metal sulfide anodes. AgSbS, nanowires provide electrochemically
active sites and excellent electron transport paths. Fig. 1 shows
the difference between using AgSbS, and Sb,S; nanowire anode
materials. We show that Ag has multiple functions to improve
the cycle life of metal sulfides in LIBs, reducing the electrode
resistivity, acting as a diluent to reduce the huge volume change
during cycling, constraining the shuttling effect of sulfur, and
enhancing Li* adsorption to improve the cycle performance of
metal sulfides in LIBs. On the contrary, the cycle performance of
Sb,Ss3 is poor due to active material pulverization, serious volume
expansion and obvious shuttling effect. Moreover, the full cell dis-
plays a reversible capacity of 400 mA h g~ ' after 480 cycles at
500 mA g~! (high retention rate of 99.5%) was fabricated with
LiNisCosMn;, cathode and AgSbS, anode. This work does not need
to be coated with carbon but simply uses silver to achieve ultra-
stable cycle life, which will further promote the use of metal sul-
fides in LIBs.

2. Experimental section
2.1. Chemicals

All materials were used as received without purification. Silver
nitrate (>99.5%) was purchased from Sigma-Aldrich. Antimony
chloride (>99.5%) was purchased from Alfa-Aesar. Thioacetamide
(>99.5%) was purchased from Sigma-Aldrich. Hexadecyltrimethy-
lammonium bromide (>99.9%) was purchased from Alfa-Aesar.
Na,S 9 Hy0 (>99.5 %) and ethylene glycol (extra pure) were pur-
chased from Sigma-Aldrich. Li metal foil, membrane, copper foil
(0.01 mm), electrolyte (1 M LiPFg in ethyl carbonate/dimethyl car-
bonate (EC/DMC) (1:1 vol%), adding 10 wt% additional fluo-
roethylene carbonate (FEC), super P carbon black, coin-type cell
(CR2032), were obtained from shining energy.

2.2. Preparation of AgSbS, nanowires

The synthesis of AgSbS, nanowires were synthesized by a
solvothermal reaction. We first dissolved a certain amount of
CTAB in 30 ml of ethylene glycol with magnetic stirring at room
temperature for 30 min. Next, 0.1 mmol silver nitrate, 0.1 mmol
antimony chloride, and 0.2 mmol thioacetamide were added
simultaneously to the solution and mixed for another 15 min.
The color of the solution will change from white to light orange
after all materials were well-mixed. Then, the resulting solution
is transferred to a Teflon-lined stainless-steel autoclave and the
temperature is remained the same at 180 °C for 12 h. After that,
the autoclave is cooled to room temperature, and the precipitates
were collected by centrifugation for several times with ethanol.
Finally, the AgSbS, nanowires were synthesized for further
analysis.
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Fig. 1. Schematic diagram showing the different changes of AbSbS, and Sb,S; nanowire anodes during lithiation and resulting in different cycle performance results.

2.3. Preparation of Sb,S; nanowires

Sb,S; nanowires were prepared via a solvothermal process.
First, 2 mmol SbCl; and 4 mmol Na,S-9 H,O were dissolved in
25 ml ethylene glycol to form solution A and B, respectively. Then,
solution A was added slowly in droplet into solution B under vig-
orous stirring. The color of the solution will turn orange, indicating
the intermediate phase formed during the process. The resulting
mixture was loaded into a Teflon-lined stainless-steel autoclave,
and the temperature was maintained at 200 °C for 10 h. The result-
ing products were centrifuged and washed with ethanol for several
times, and Sb,S3; nanowires were obtained after drying at 40 °C for
4 h,

2.4. Synthesis of Sb,S3/C composites

Sb,S3/C composites was synthesized via a ball-milling process.
Typically, 100 mg of the as-synthesized Sb,S; and 25 mg of super
P was put into zirconia jars. Then, the raw materials were ball
milled in a planetary ball milling machine for 12 h at 400 rpm,
and the ball to powder weight ratio was set to 10: 1. Finally, the
black powder was obtained without any purification for further
use.

2.5. Electrochemical characterization

The AgSbS, nanowires electrodes were fabricated by mixing the
active material (AgSbS, nanowires, 70 wt%), super P (20 wt%), and
polyacrylic acid (PAA, 10 wt%) in 1 ml anhydrous ethanol to form a
homogeneous slurry, which continued to be casted on the copper
foil. Before a coin cell assembly, the electrode is dried at 80 °C
under argon gas for 90 min to remove residual water and excess
solvent. Then, the electrode is shaped to a circle with 12 mm diam-
eter and densely pressed with a rolling machine. All coin cells were
assembled in an argon-filled glove box. We used 1 M LiPFg dis-
solved in ethyl carbonate/dimethyl carbonate (EC/DMC (1:1 vol
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%)), with 10 wt% additional fluoroethylene carbonate (FEC) as the
electrolyte solution. Finally, electrochemical performance of
AgSbS, nanowires is tested using Neware battery test systems.

2.6. Characterization

The structure of the product and ex-situ XRD test are character-
ized by X-ray diffraction (XRD) pattern (Bruker, D8). The surface
morphologies of the product were investigated by means of scan-
ning electron microscopy (SEM), and the HITACHI-S4800 field
emission SEM with 10-15 kV accelerating voltage and 8 mm work-
ing distance recorded the AgSbS, nanowires. Moreover, energy dis-
persive X-ray spectroscopy (EDS) and high-resolution transmission
electron microscopy (HRTEM) also helped to observe the product’s
composition and structure, and were operated under 200 kV. X-ray
photoelectron spectroscopy (XPS) was conducted by using ULVAC-
PHI. Raman spectra was obtained by LABRAM HR 800 UV via green
light.

2.7. Computational section

The density functional theory calculations were performed by
the Vienna Ab initio Simulation Package (VASP) code [51]. The
electron ion interaction was described with the projector aug-
mented wave method [52]. In the calculations, the electron
exchange and correlation energy were treated within the general-
ized gradient approximation in the Perdew-Burke-Ernzerhof for-
malism. A plane-wave cutoff energy basis was set as 450 eV. The
Sb,S3(100) surface, Ag/Sb heterojunction, Ag/Sb/S heterojunction,
Ag/S heterojunction, Sb/S heterojunction were used to study the
adsorption properties of Li atom, Li,S, Li,S,, LizS4, LioSes, and Li,Ss.
All surface were simulated with slab model, and the thickness of
vacuum was set to 18 A to eliminate the interaction between slabs.
The vdW interaction corrections were included to in all calcula-
tions. The force and energy convergence criteria were set as
0.01 eV A~! and 10 eV, respectively. The adsorption energies of



Sheng-Feng Ho, Yi-Chun Yang and Hsing-Yu Tuan

molecule (or atom) on the surface (or heterojunction) were calcu-
lated as below:

E,q = E(mol/atom + surf /hetero) — E(surf /hetero) — E(mol/atom)

where E(mol/atom + surf/hetero), E(surf/hetero) and E(mol/
atom) are the total energies of the surface (or heterojunction) with
molecule (or atom), surface (or heterojunction) and the molecule
(or atom), respectively.

2.8. Lithium-ion full cell of AgSbS // Li(Nig5Cog3Mng )05

For the lithium-ion full cell assembly, the mass ratio of AgSbS,
nanowires to Li(NigsCog3Mng,)0, was about 0.6 based on the
areal capacity (mA h cm~2) at 500 mA g~'. The electrolyte was
same with the AgSbS, half-cell by using 1 M LiPFg in (EC/DMC
(1:1 vol%)), with 10 wt% additional fluoroethylene carbonate
(FEC). The working window of the full cell was ranged from 0.5 V
~41V.

3. Results and discussion

The hydrothermal synthesis procedure for the AgSbS, nano-
wires is schematically illustrated in Fig. 2a. Initially, AgNO5; and
SbCl; are dissolved in ethylene glycol containing CTAB. The addi-
tion of a surfactant (CTAB) can effectively adjust the morphology
and structure of nanomaterials through coordination or charge
effects [53]. Then, C;HsNS is added to form an orange intermediate
under stirring. Finally, the black precipitate is obtained at 180 °C
for 12 h. The detailed morphologies and microstructures of the
samples were investigated by scanning electron microscope
(SEM) and transmission electron microscope (TEM). Fig. 2b and c
show the SEM images of AgSbS, nanowires. The low-
magnification image shows that the nanowires are distributed uni-
formly, and a smooth and clean surface. The high-magnification
image shows that the AgSbS, nanowires with an average diameter
of 10-40 nm. Fig. 2d shows the TEM image of AgSbS, nanowires
with straight morphology. The high-resolution TEM (HRTEM)
image of AgSbS, confirms the lattice spacing of 0.288 nm, indexed
to the (100) plane of which can be designated as the (200) plane of
the AgSbS, phase (Fig. 2e and f). The indexed (111), (200) and
(220) planes in the selected area electron diffraction (SAED) pat-
tern are in accordance with the XRD pattern of AgSbS, (Fig. 2g).
HRTEM image and SAED pattern illustrate the single crystal nature
of AgSbS,. Energy dispersive X-ray spectroscopy (EDS) further
shows that Ag, Sb and S are uniformly distributed in the compound
(Fig. 2h-k).

The crystal structure of the synthesized AgSbS, was explored by
X-ray diffraction (XRD) (Fig. 3a). Diffraction peaks can be observed
at 27.31°, 31.64°, 45.35° and 53.75°, corresponding to the (111),
(200),(221), and (311) planes, respectively. All diffraction peaks
can be well assigned to the cubic crystal phase AgSbS, (JCPDS
98-041-2240) with the Fm-3 m (22) space group, indicating the
as-obtained product is highly pure. The elemental analysis of the
surfaces of the as-prepared AgSbS, nanowire was performed using
X-ray photoelectron spectroscopy (XPS) to detect Ag, Sb and S ele-
ments (Fig. 3b). The high-resolution Ag 3d spectrum shows two
peaks located at around 374 and 368 eV, corresponding to the
bands of Ag 3d;3 and Ag 3ds,, respectively (Fig. 3c). In the high-
resolution Sb 3d spectrum, two peaks at about 540.7 eV and
531.5 eV belong to Sb 3d,;3 and Sb 3ds),, respectively, as shown
in Fig. 3d. The Sb 4d spectrum is also analyzed, which can be
deconvoluted into two peaks at 34.5 eV and 33 eV, corresponding
to the bands of Sb 4d,;3 and Sb 4d,s, respectively (Fig. 3e). In addi-
tion, S 2p spectrum showed two typical peaks at 163 eV and
161.5 eV, belonging to S 2pyj; and S 2py5 (Fig. 3f) [54]. Moreover,
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Brunauer-Emmett-Teller (BET) test using continuous-flow gas(N2)
adsorption was conducted as shown in Figure S1. The surface area
of AgSbS,, Sb,S3, and Sb,S; / C was examined to be 1.9 m?/ g, 4 m?/
g, and 2.3 m?/ g, respectively, which confirmed that all obtained
material were non-porous. In addition, duo to the surfactant plays
an important role in regulating the morphology of nanomaterials,
different kinds of surfactant were investigated to prepare AgSbS,
nanowires, such as cationic surfactants (CTAB) and non-ionic sur-
factants (PVP, Oleylamine). Figure S2 shows the influence of differ-
ent surfactants on the morphology of AgSbS, material. The uniform
AgSbS, nanowires with an average diameter of 10-40 nm can be
synthesized using CTAB as a surfactant (Figure S2a). Figures S2b
and c¢ show AgSbS, nanowires synthesized by PVP with
MW = 40000 and MW = 55000, respectively. It can be found that
the AgSbS, nanowires synthesized by PVP are thick and short with
uneven dimensions, indicating that PVP is unfavorable to the sta-
bility of the structure. As shown in Figure S2d, it can be observed
that the morphology of AgSbS, synthesized by oleylamine is nano-
wires, but there are many faceted nanocrystals. Therefore, CTAB is
used in the synthesis of AgSbS, to facilitate the formation of uni-
form nanowires because the good dispersibility of CTAB in the
solution and excellent coordination properties with the anion as
a cationic surfactant. In addition, the crystallinity, purity and mor-
phology of the product can be affected by the reaction time. As
shown in Figure S3, when time of hydrothermal treatment
increases, the faceted nanocrystals gradually decrease. In order to
obtain high-quality of single crystal AgSbS, nanowires, the control
of reaction time is important.

The lithium storage performance of AgSbS, nanowires was
shown in Fig. 4; the cycle performances of AgSbS, nanowires in dif-
ferent electrolyte were shown in Figure S4. As a control sample,
SbyS3 and SbyS3/C nanowires were prepared by a simple
hydrothermal synthesis [55] (Figures S4 and 5). Fig. 4a presents
that the AgSbS, nanowires deliver a high discharge capacity of
904.5 mA h g~! with an initial Coulombic efficiency of 62.3%. The
capacity loss of 37.7% is mainly due to the irreversible formation
of SEI films. Coulombic efficiency for each cycle is another impor-
tant role for cycle stability. For 500 cycles, the Coulombic efficiency
for AgSbS, exceeds 99.3%. Additionally, high Coulombic efficiency
can be achieved through the formation of the stability SEI layer
after the first cycle. The galvanostatic discharge profiles of the
10th and 50th cycle are shown in Fig. 4b and c. The high plateau
profile and the second plateau are corresponded to AgSbS, + 4e”
+4Li" - Ag + 2Li,S + Sb and Sb + 3Li* + 3e” — LisSb, respectively.
For the 10th cycle, the plateau of AgSbS, exhibits longer because
Ag are involved. The discharge special capacity of Sb,Ss exhibit
almost no capacity after full activation with 50th cycle due to huge
volume expansion and poor ion/electron conductivity. On the other
hand, although the cycle stability of Sb,S; nanowire is improved
through the strategy of carbon coating, Sb,S;/C nanowires exhibits
only discharge capacity of 128.1 mA h g~! after 500 cycles at
500 mA h g~ It is worth noting that AgSbS, nanowires exhibit
an excellent rate capability at different current densities from
0.05to4 A g, as shown in Fig. 4d. It delivers reversible capacities
of 517, 468.9, 419.8, 385.3, 350.1, and 265.1 mA h g~ at various
current rates of 0.05, 0.1, 0.25, 0.5, 1, and 2 A g~!, respectively.
When the rate increases to 4 A g~!, a reversible capacity of
190.3 mA h g! can still be obtained, showing excellent high rate
performance. After that, the capacity quickly recovers to
522.1 mA h g~! when the current rate returns back to 0.05 A g™,
exhibiting a good retention capacity. Compared with the value
before the high-rate cycling process, this value only has a loss of
2.92%.The corresponding charge/discharge curves at different
rates are shown in Figure S7. For comparison, Sb,S; nanowires
deliver 450, 382, 310, 256, 251, 199 and 138.5 mA h g ' at the
same current rate protocol as AgSbS, nanowires. The rate capabil-
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Fig. 2. (a) Schematic illustration of AgSbS, nanowires via hydrothermal synthesis. (b, c) SEM images, (d) TEM image, (e, f) HRTEM images and (g) SAED pattern of AgSbS,

nanowires. (h-k) EDS mapping images of Ag, S and Sb in AgSbS, nanowires.

ity of Sb,S; as well as Sb,S3/C nanowires is unsatisfactory, with a
rapid capacity decay. As shown in Fig. 4e, AgSbS, anodes maintain
a high reversible capacity of 185 mA h g! after 5000 cycles at
500 mA h g7, with an average Coulombic efficiency of 99.3%, indi-
cating once a stable SEI is formed, AgSbS, exhibit extraordinary
stable cycle life. Significantly, the AgSbS, anode cycled at a rate
of 500 mA g~ ! retains 98% of its 100th capacity after 2000 cycles
and 96% of its 100th capacity after 5000 cycles. Fig. 4f shows the
charge-discharge voltage plateaus are still very obvious in 5000
cycles, indicating its excellent reversibility. In order to further
explore the effect of Ag on AgSbS, anodes, the cycling test is con-
ducted at a high current density of 2000 mA g~! and the corre-
sponding charge-discharge curves, as shown in Fig. 4g and h. It
maintains reversible capacity of 185.3 mA h g™ at 2 A g~! with
each cycle’s average Coulombic efficiency is approximately 99%.
Significantly, the AgSbS, anode cycled at a rate of 2 A g~ retains
90.6% of its 100th capacity after 7000 cycles. Due to the large vol-
ume changes and shuttle effect, the cycle performance of metal
sulfide is poor for LIBs, resulting in hindering the further develop-
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ment and application in rechargeable LIBs. We also compare the
cycle life with the previous reports based on S-based electrode
materials (Fig. 4i). It’s worth noting that AgSbS, nanowires have
the best cycle stability performance without carbon-coating for
lithium-ion anodes with a cycle number of AgSbS, lives up to
7000 cycles at 2 A g~ . It is found that the cycle number of S based
anodes designed by nanomaterial or carbon coating is increased to
5000 cycles at most. Mukaibo et al. reported that SnS, particles
with a small particle size have higher reversible capacity and cycle
stability than large particle size [56], but the cycle number still did
not exceed 100. It has been reported that through the nanostruc-
ture design and composite materials, nano-sized electrode materi-
als have significant advantages, including short Li* diffusion paths,
large electrode/electrolyte contact areas, and strain adjustment,
resulting in higher rate performance and better cycle life. Recently,
it is mostly reported that the use of graphene or graphene deriva-
tives can solve these problems and improve the electrochemical
performance of LIBs [57-59]. This can be attributed to the charac-
teristics of graphene: two-dimensional conductive network, large
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specific surface area and good physical and chemical stability. In
addition to these characteristics, their porous structure can effec-
tively promote the diffusion of electrolyte ions, such as CogSg@rGO
(2015) [60], CuS/Graphene (2016) [61], NiS,@Graphene (2015) [62]
and MoS; -rGO/HCS (2018) [63] and so on. Moreover, due to excel-
lent electrical conductivity and high stability, the lithium storage
performance of the metal composite materials of sulfide and car-
bon can be improved, such as FeNi-S NDs/CNR (2017) [64], SnS/
MoS,-C (2018) [65], N — TiO,@SnS,@Ppy (2018) [66], NiSx@C
(2019) [67], SnS, @C (2021) [68], etc. Therefore, AgSbS, nanowires
have obvious advantages under long-term cycling, indicating that
Ag can improve the cycling performance and rate performance of
metal sulfides used in LIBs.

A kinetic analysis was performed for evaluating the capacitive
contribution to Li* storage based on CV scans ranging from 0.2 to
1 mV s~ . The CV curves show a similar shape with obvious redox
peaks, meaning that lithium-ion storage has high reversibility and
fast kinetics (Fig. 5a). The relationship between peak current (i)
and scan rate (v) can be written as the following equation:

i=ar’

(1)

Where a and b are constants, the b-value represents the type of
charge-storage mechanism. Notably, the value of b is 0.5 repre-
sents the diffusion-controlled process, and 1.0 represents the
capacitive-controlled process. As shown in Fig. 5b, the b values of
oxidation and reduction peaks are 0.9052 and 0.9931, respectively,
indicating that the Li*-storage mechanism of AgSbS, nanowires
involves pseudo-capacitive effect. Furthermore, the pseudo-
capacitance contribution can be further quantified by the following
formula:

l(l/) = k]?/-‘rszll/z

2)

The total charge storage is the sum of the contributions of the
two energy storage mechanisms, and k;v and k,v'/? represent the
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contributions of pseudo-capacitance and diffusion control, respec-
tively. As shown in Fig. 5c, the pseudo-capacitance contribution is
evaluated from 0.2 to 1 mV s, and the ratio increases from 81.8%
to 91.7%. Fig. 5d shows that a high value of 91.7% can be achieved
at 1 mV s~!, indicating that excellent high-rate performance due to
pseudo-capacitance contributions. As for Sb,S; and Sb,S3 [ C, the
pseudo-capacitance contributions are shown in Figure S8, which
are evaluated from 0.2 to 0.8 mV s~ . The result indicates that both
materials are diffusion type, with the ratio increases from 12.6 % to
22.6 % and 39.5 % to 64.7 %, respectively. To further understand the
electron/ion transfer resistance of AgSbS, nanowires, the electro-
chemical impedance spectroscopy (EIS) of AgSbS, nanowires and
Sb,Ss nanowires was measured in the frequency range of
600 kHz - 50 mHz, as shown in Figure S9. The Nyquist plot basi-
cally consists of the semicircle in high frequency and inclined line,
corresponding to the charge-transfer resistance (Rct) and the War-
burg impedance, respectively. After 100 cycles, the Rct of AgSbS,
nanowires is lower than that of Sb,S; nanowires, indicating that
Ag-derived materials may improve the conductivity of anode
materials. According to the constant current intermittent titration
technique (GITT) to further analyze the lithiation kinetics process
at the current density of 50 mA g~! for 10 min, followed by 3 h
relaxation. (Figure S10a). The diffusion coefficient of Li* can be
studied according to Fick’s second law:

_ 4 mBVM
Tt MgS (3)

Where 7 is the current pulse time, mg, Mg and V), are the mass,
molar mass and molar volume of active material in the electrode, S
is the surface area of the electrode, and AEs and AET are the devi-
ation of each equilibrium voltage and voltage during the current
pulse, respectively. The calculated Dy;. corresponds to different
lithiation and de-lithiation states, as shown in Figures S10c and
d. The Dy;. in the range of 1072 to 107! cm? s~! can be achieved
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Fig. 4. Electrochemical properties of AgShS,, Sb,Ss, and Sb,S3/C electrodes: (a) cycling performances at a current density of 500 mA g~', 10th and 50th discharge curves (b)
from 2.4 to 1.2 V, and (c) from 1.2 to 0.01 V. (d) Rate performance of the AgSbS, electrode between 50 and 4000 mA g~'. (e) Cycling performance and (f) galvanostatic charge/
discharge curves of AgSbS, electrode at 500 mA g~ '. (g) Long-term cycle performance and (h) galvanostatic charge/discharge curves of the AgSbS, electrode at 2000 mA g~ .

(i) Comparison of cycling performance of AgSbS, and other S-based electrodes for LIBs.

for charge-discharge process. Figure S11 and Figure S12 also show
the Df; of Sb,S3 and Sb,S3 | C during the first charge-discharge pro-
cess are in the range of 10° ~ 107'!, respectively. Moreover, to
explore the electrochemical kinetics during charge-discharge pro-
cess, in-situ EIS kinetic measurement of AgSbS, electrode was
investigated. Fig. 5e shows the Nyquist plots of the AgSbS, elec-
trode during initial discharge/charging process. In the initial cycle,
as the AgSbS, electrode discharging from open circuit potential
(OCP) to 1.5V, the resistance increases slightly because the forma-
tion of the Li* insertion and SEI layer. After discharging from 1.5V
to 0.05 V, the resistance decreases significantly. When the elec-
trode charging to 2.25 V, the resistance becomes significantly
smaller, attributed that Ag can increase the conductivity and
reduce the internal resistance. Fig. 5f shows the Nyquist plot of
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the in-situ EIS analysis of AgSbS, electrode in the 4th cycle to
observe the electrochemical kinetics after the electrode is stabi-
lized. When discharging to 0.5 V, the resistance decreases due to
formation of a stable SEI layer. From discharging 0.5 to 0.05 V,
there is no significant change in resistance, attributed to the stabil-
ity of the Li* embedding process. When charging to 2 V, the resis-
tance will return to the initial value, indicating that AgSbS,
electrode exhibits a high reversibility after the first cycle. These
results demonstrate the highly reversible kinetics of AgSbS,
nanowires.

Fig. 6a shows the cyclic voltammetry curve (CV) of the AgSbS,
electrode in the first six cycles between 0.01 and 2.5 V at a scan
rate of 0.1 mV s~!. During the first scan, the peak at 1.73 V may
be due to Li* intercalate into AgSbS, without phase change. The
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Fig. 5. (a) CV curves at various scan rates in the range of 0.2-1.0 mV s, (b) linear fitting profiles of log(i, peak current) vs. log(v, scan rate), (c) the percentage of diffusion and
capacitive-controlled capacity contributions at different scanning rates of AgSbS, and (d) the CV profiles displaying the Li-ions diffusion-controlled contribution at 1 mV s~"'.

Nyquist plots of the AgSbS, electrode for (e) 1st and (f) 4th cycles.

reduction peak at 1.52 V corresponds to the conversion from
AgSbS, to Sb, Ag and Li,S. The reduction peak at 1.3 V may be
attributed to the form of the solid electrolyte interface layer
(SEI). A sharp reduction peak at about 0.8 V may be attributed to
the alloying reaction of Sb to form Li3Sb. The oxidation peaks at
0.35V, 1.1 Vand 2.1 V correspond to the dealloying reaction of Liz-
Sb and the conversion reaction of Li,S to form Sb and S (amor-
phous), respectively. The almost overlapped CV curves of the
following five cycles indicate excellent reversibility on AgSbS,

anodes for LIBs. Ex-situ XRD was used to clarify the relationship
between the intermediate phases and electrode potential, as
shown in Fig. 6b, to understand the Li* storage mechanism of
AgSbS, nanowires. At the initial state, the corresponding peak of
AgSbS, can be clearly observed. When discharging from the OCP
to 1.5 V, the peaks at 38.1° can be indexed to Ag (PDF 00-004-
0783). When decreasing to 0.5 V, the peak at 26.6°, 27.1° and
38.1° can be ascribed to Li,S, LisSb (PDF 04-015-0235), and Ag,
respectively. After complete lithiation to 0.01 V, the peaks at
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27.1° and 42.7° gradually increase. These two peaks are attributed
to LisSb, indicating that there is alloy reaction between Sb and Li*.
When charging to 1.2 V, two peaks appear at 24.8° and 41.7°,
attributed to the reformation of Sb, accompanied by the disappear-
ance of the Li3Sb and Li,S peaks. When charging to 2 and 2.5V, Sb
peak gradually increases, yet it can be found that there is no peak
of AgSbS,, indicating that the first cycle of discharging/charging
process is an irreversible reaction. It is worth noting that the peak
at 37° always exists during the lithiation-delithiation process. It
can be inferred that Ag cannot react with Li*, and can be used as
a diluent to alleviate the volume expansion caused by intercala-
tion/deintercalation of Li* and slow down the shuttle effect.
Fig. 6b (right panel) shows the galvanostatic charge-discharge
voltage profile in the first cycle corresponding to Fig. 6b (left
panel). In addition, to further prove the ex-situ XRD results, Fig. 7-
a-h show the ex-situ TEM, HRTEM and SAED images of the AgShS,
electrode at different discharge/charge states in the first cycle to
further confirm the Li* storage mechanism. After discharging to
0.01 V, the TEM image of the AgSbS, electrode shows a nanowire
morphology. The HRTEM image clearly shows that the lattice spac-
ing of 0.234, 0.285, and 0.328 nm can be contributed to Ag (111),
Li»S (200) and LisSb (200), respectively. It is worth noting that Ag
will form boundary with Li,S and LisSb. The corresponding diffrac-
tion spots of the SAED test also confirmed the existence of Ag, Li,S
and LisSb at this stage, which is consistent with the XRD results in
Fig. 6b. After charging to 2.5 V, the structure of the nanowire
remains unchanged. The HRTEM image shows the obvious lattice
spacing of 0.263 and 0.234, which are assigned to the (111) plane
of Sb and the (111) plane of Ag. Similarly, it can be found that Ag

10081
=99,

()
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will form an interface with Sb. Ag forms boundary with the inter-
mediates in the lithiation-delithiation process, indicating that Ag
can have a synergistic effect with Sb and S, thereby improving
the electrochemical performance of AgSbS,. It is consistent with
the SAED results. However, S element cannot be observed from
both ex-situ XRD, HRTEM and SAED, yet the EDS images show S ele-
ment after charging to 2.5 V in Fig. 7i-l. Therefore, it is speculated
that amorphous S is formed after delithiation. These results indi-
cate that this storage mechanism is an irreversible reaction. To bet-
ter understand stability of AgSbS, nanowires, TEM images after 20
cycles were provided in Figure S13. Some nanoparticles are formed
and the nanowires become thicker due to silver exsolution. Fig-
ure S14 and 15 show the ex-situ XPS spectrum of AgSbS, nanowires
at 0.01 V and 3 V. When discharging to 0.01 V, the spectrum of Sb
3d and Li 1 s and the formation of polysulfide (Li,S) can be
observed. When charging to 3 V, it can be found the spectrum of
Sb 3d, but the peak of polysulfide disappears. The results observed
by ex-situ TEM are consistent with the results of Ex-situ XRD.
According to above ex situ results, a reaction mechanism is inferred
as shown by the schematic diagram in Fig. 6¢. During the discharg-
ing process, AgSbS, undergoes conversion reaction producing Ag,
Sb, and Li,S. Then, Sb can react with Li to form Li3Sb (alloying reac-
tion). Accordingly, during the charging process, LisSb and Li,S are
oxidized to Sb and S followed by dealloying reaction and conver-
sion reaction, respectively. The process is summarized as follows:

First discharge.

AgSbS, + 4e” + 4Li* - Ag + 2Li,S + Sb (conversion reaction).

Sb + 3Li" + 3e” — Li3Sb (alloying reaction).

Discharge (reversible).

+LisSb (200

> Ag (220)
»Li,S (213)

»Sb (110)
» Ag (111)
»Sh (012)

51/nm

Fig. 7. (a) TEM, (b, c) HRTEM and (d) SAED images of the AgSbS, electrode at the initial fully discharged state. (e) TEM, (f, g) HRTEM and (h) SAED images of the AgSbS,
electrode at the initial fully charged state. (i-1) EDS mapping images of Ag, S and Sb in AgSbS, nanowires at the initial fully charged state.
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Li* + S (amorphous) — Li,S (conversion reaction)

Sb + 3Li" + 3e” — Li3Sb (alloying reaction).

Charging (reversible).

LisSb — Sb + 3Li" + 3e” (dealloying reaction).

Li,S — 2Li* + S (amorphous) (conversion reaction).

Moreover, DFT calculations were carried out to investigate the
role Ag to enhance the effect of metal sulfides on Li* storage. First,
to explore whether the composition formed by Sb and S and Ag
reduces the Li* adsorption energy of Sb or S. It can be observed that
the adsorption energy of S-Li is —0.421 eV, and the adsorption
energy of Ag/S-Li is reduced to —0.575 eV (Fig. 8a). The adsorption
energy of Ag/Sb-Li (-1.055 eV) is lower than that of Sb-Li (-
0.383 eV) (Fig. 8b). These results indicate that the formation of
Ag can significantly enhance the adsorption of Sb or S on Li*. Next,
Fig. 8c shows the adsorption energy of Li on the Ag/Sb/S, Sb,Ss, Ag,
and Sb/S. The adsorption energies of Sb,Ss-Li, Ag-Li and Sb/S-Li are
—0.957 eV, —0.486 eV and —0.385 eV, respectively. It is worth not-
ing that the adsorption energy of Ag/Sb/S-Li decreased to
—1.022 eV, indicating that the addition of Ag has a great influence
on the Li* adsorption energy of metal sulfides.

Although Ag does not react with Li* (the peak at 37° always
exists during the lithiation-delithiation process), it stabilizes the
structure of metal sulfides, performs excellent lithium ion storage
and achieves rapid reaction kinetics, resulting in the following
advantages for ultra-stable cycle life. First, it can be observed that
in the CV curve of AgSbS, electrode the following 5 cycles almost
overlap, except for the first cycle and the charge-discharge voltage
plateaus are still very obvious after 1000 cycles, indicating its
excellent reversibility. Second, it can be observed in ex-situ XRD
and TEM of AgSbS, electrode shows the formation of Sb, Ag and
Li,S during the conversion process. It is worth noting that the
HRTEM results show that Ag can form boundary with Li3Sb and
Li,S during discharge, and also form boundary with Sb and S during
charging, indicating that Ag will be closely mixed with other inter-
mediate products after precipitation, which can stabilize the struc-
ture and prevent the shuttle effect of polysulfides. Therefore, the
first circle is an irreversible reaction because Ag will no longer form
AgSbS, with Sb and S during charging after the precipitation of Ag.
It can be inferred that Ag will not react with lithium ions, and can
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be used as a diluent to alleviate the volume expansion caused by
intercalation/deintercalation of Li*. Third, as the simulation results,
Ag/Sb/S is more beneficial to the adsorption of lithium ions than
Sb,Ss, because Ag enhances the ion kinetics of metal sulfides and
the adsorption of Li*, resulting in high specific capacity and excel-
lent rate capability. Ag form boundary with the intermediate in the
lithiation/delithiation process. It is speculated that Ag can have
synergistic effect with Sb and S, thereby improving the cycle stabil-
ity of the Sb-S based negative electrode. Compared with the liter-
ature data, it can be found that the cycle performance of metal
sulfides is significantly improved through the addition of Ag than
the addition of carbon materials. Fourth, through the relationship
between the peak current and the scan rate in the different scan
rates of CV curves, it can be observed that the capacitance contri-
bution is as high as 91.7% at a scan rate of 1 mV s~!, indicating that
the excellent high-rate performance of AgSbS, because of the
pseudo-capacitance, possibly because highly conductive Ag facili-
tates the migration of electrons and ions to maintain high conduc-
tivity. For example, Guo et al. reported that Ag/g-CsN4/Co304
composite delivers better initial discharge capacity and better
cycling performance in lithium-oxygen batteries than that of the
pure Co304 or Ag/g-CsN, catalysts [69]. Finally, in the Nyquist dia-
gram of the AgSbS, electrode during the initial discharge and
charging, it is worth noting that the resistance is significantly
reduced after the discharge to 1.5 V, which can be attributed to
the precipitation of Ag to increase the electrode conductivity and
reduce the internal resistance of the electrode. These theoretical
analysis results are very consistent with the above-mentioned
electrochemical and kinetic analysis results. Based on a large
amount of data and discussion, the excellent lithium storage per-
formance of AgSbS, electrode can be attributed to the synergistic
effect of Ag. Therefore, the designed AgSbS, electrode material
can provide excellent cycle stability and significant rate perfor-
mance and stimulates the potential of AgSbS, used in energy stor-
age devices.

In addition, to prove that Ag can effectively inhibit the shuttle
effect, caused by the dissolution of sulfur in the electrolyte, the
chemical adsorption experiments were performed by dispersing
equal amounts of AgSbS, and Sb,Ss in the electrolyte (1 M LiPFg
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Fig. 8. Theoretical simulations and adsorption energy of (a) Ag/S and S, (b) Ag/Sb and Sb, and (c) AgSbS,, Sb,S3, Ag and Sb models for Li*. (Grey, red, yellow and green spheres
denote Ag, Sb, S, and Li atoms, respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 9. (a) The chemical adsorption experiment of Li,S on the AgSbS, and Sb,Ss electrodes. (b) Raman analyses of glass substrate, pure electrolyte, and the electrolytes with
AgSbS, and Sb,S; electrodes after testing. The side view and the adsorption energies of optimized geometries of Li,S, Li»S,, Li»S4, Li,Se, Li»Sg and Sg on (c) Ag/Sb/S and (d) Sb,S3

surfaces.

in EC: DMC: FEC) that contained 1 M Li,S (Fig. 9a) [70]. After stir-
ring for 3 h and standing for 24 h, the color change and precipita-
tion of the solution were observed. Obviously, the electrolyte
containing AgSbS, nanowires changed from the original yellow to
almost colorless, confirming the strong adsorption of Li;—S by
AgSbS, nanowires. The electrolyte containing Sb,S; nanowire is
slightly yellow and turbid, indicating that Sb,S3 cannot effectively
adsorb polysulfide. Next, the Raman test was performed on the two
electrolytes after the test and the pure electrolyte, and the results
are shown in Fig. 9b. The glass substrate is used as the base. The
Raman curve of the electrolyte containing AgSbS, is similar to that
of pure electrolyte, but two excessive peaks at about ~ 268
and ~ 520.7 eV were clearly detected in the Raman spectra of
the electrolyte containing Sb,Ss, attributed to Li,S, [71]. Therefore,
it can be inferred that Ag can effectively inhibit the shuttle effect.
In addition, first-principles calculations based on DFT were carried
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out (Fig. 9¢) in order to understand the strong adsorption effect of
AgSbS, material on lithium polysulfides (LiPS). The Ag (111) and
Sb (001) surfaces are selected based on HRTEM observations
(Fig. 7), which should be the most exposed surfaces in the material.
S is modeled by the amorphous phase. LiPS molecules were used
for modeling on the surface of Ag/Sb/S and Sb,Ss, respectively. Cal-
culation the binding energy (Eb) between the LiPS material and Ag/
Sb/S and Sb,S; to evaluate the adsorption energy of LiPS. As a
result, the calculated binding energies of Li,S, Li,S,, LinS4, Li2S6,
Li,Sg and Sg on Ag/Sb/S are —-1.314, -2.586, —1.655, —3.173,
—3.361 and -1.644 eV (lower than Sb2S3 of —2.388, —1.649,
-1.196, —1.308, —1.418 and —1.298 eV), respectively, indicating
that Ag/Sb/S is more conducive to the adsorption of LiPS. In other
words, Ag can enhance the adsorption energy of metal sulfides
on LiPSs. It can be observed that the sulfur atoms in LiPSs tend to
bond with Ag atoms of Ag/Sb/S. The DFT results show that Ag
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can indeed significantly enhance the interaction between LiPSs and
Ag/Sb/S, which is beneficial to effectively inhibit the shuttle effect
of polysulfides.

Based on the good cycle and rate performance of the half-cell,
AgSbS, nanowires are used as an anode electrode combined with
the layered positive electrode Li(Nigs5C0g3Mng,)0, to construct a
lithium-ion full cell to prove the feasibility of being a LIB full bat-
tery anode. The lithium-ion full cell is tested in the voltage range of

(a) 9
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0.5V ~ 4.1V, as shown in Fig. 10. Fig. 10a shows a schematic dia-
gram of a AgSbS,//Li(Nig5C0op3Mng>)0, full cell configuration.
Fig. 10b shows the discharge/charge curve of the full cell in the first
three cycles at 500 mA g~ ' and Figure S16 provides a detailed anal-
ysis of LiNisCosMn,. The specific capacity of 448.6 mA h g~ ! is
obtained in the first cycle. It is found that the discharge/charge
curve has a clear platform due to the excellent electrochemical
reaction kinetics of the cathode and anode. Moreover, the full cell

(b)

(S
%ﬁfg-—m ‘L\hazge 4 P
Separator g 3.5
> —_
‘E‘ 3.0 Z _;:
* Charge . o $ 2.5 — 200"
1 Ny T i
= Li' § Li%, -y 2 g
S o e d + B £ 1.5
®9. Discharge. .° S 1.0 500 mA g
0.5 T T T :
(C) Li-xMO:  Electrolyte AgSbS: 0 100 200 300 400 500
M=Ni.Co.Mn Capacity mA h g'l)
,_'f-\ 800 I-.... . ' T 'L L] LLIL DL ] '100 ’;
_:" -a-Discharge s
« 600 - -e- Charge 80
é -a- Coulombic efficency §
500 mA g F60 =
%’400-'... S— bt — S
5 3
200
2 120 =
: 5
a0 . . r . 0
0 100 200 300 400 500
Cycle number
d
(d) @)
~ 800
oo -u- Discharge
= o -e- Charge
5 A
E 600 = \“ og“g 005A g
»&’ -..\0:.. A g Sase
i AN
= 400/ Ve
= \1Ag'
=9 Easag
s \2A¢g]
&g 200 e
g
0 S 10 15 20 25 30 35

Cycle number

Fig. 10. (a) LIB full cell using a AgSbS, anode and a LiNisCo3Mn, cathode. (b) Galvanostatic charge/discharge curves of the initial three cycles at 500 mA g~"'. (c) Cycling

performances at 500 mA g~

1 and (d) rate performances between 50 and 2000 mA g~

1. (e) The optical image of pouch-type full cell with a length of 11.3 cm and width of

10.2 cm. (f) The photograph of the AgSbS,// LiNisCosMn, pouch-type cells lighting up the LED.
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shows excellent long-term cycle performance and Coulombic effi-
ciency. The reversible capacity can be maintained at close to
400 mA h g~! for nearly 500.

cycles at 500 mA g~! with Coulombic efficiency of 99.5%
(Fig. 10c). When the current density is 0.05, 0.1, 0.25, 0.5, 1, and
2 A g, the specific capacity is 534.6, 505.1, 456.7, 388.5, 320,
and 221.3 mA h g, respectively. When the current density is
returned to 0.05 A g ', a specific capacity of 530.9 mA h g ! can
be achieved (Fig. 10d). In addition, a pouch-type AgSbS,// Li(Nig s-
Cop3Mng,)0, battery can power a light-emitting diode (LED)
screen composed of 16 yellow bulbs, 33 red bulbs and 40 orange
bulbs, demonstrating its potential application prospects for elec-
tronic products, as shown in Fig. 10e and f. The above full battery
results indicate that the AgSbS, anodes with good cycling stability
and faster reaction rate have good potential in the further develop-
ment of LIBs.

4. Conclusion

We report a new type of silver-based metal sulfide nanostruc-
tures to achieve super stable cycle life of LIBs. After the silver is
precipitated out, it forms tiny nano-crystals that can interact with
Sb and Sb to form a tightly connected complex and not affect the
morphology of the nanowires. The presence of silver in the elec-
trode plays a multiple and key positive impact on the improvement
of electrochemical effects. Silver, thanks to its nature high conduc-
tivity, can greatly decrease the resistance of the battery when the
battery is in operation, making the battery perform well during
high-rate charging and discharging. Moreover, due to the presence
of Ag, the adsorption of Li* is better than that of Sb and S, which
helps to reduce the polarization of Li* or adsorption and diffusion
and achieve capacitive storage phenomena. The AbSbS, become a
super stable battery electrode, reaching a Coulombic efficiency of
approximately 99% per cycle and a capacity retention of 90.6% in
the 100th cycle at 7000 cycles at 2 A g~!. This extraordinary cycle
life far exceeds the result reported to date. More importantly, silver
can also effectively capture sulfur, making the shutting effect that
often occurs in sulfide-based electrodes effective Inhibition. Using
AbSbS; nanowires as stable anodes for LIBs does not require com-
plex, high-temperature and multi-step procedures, we believe this
study scientifically clarifies that the AbSbS, electrode provides a
new perspective for the development of metal sulfides anodes for
LIBs.
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