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1. Introduction

To meet the stringent requirements of our
modern society for high-energy-density
energy-storage devices, the development
of advanced and reliable rechargeable bat-
tery systems is imminent.[1–4] Recently,
lithium�sulfur and lithium�oxygen bat-
teries directly using lithium metal as the
anode showed great potential.[5–8] The the-
oretical specific capacity of lithium metal is
3860mAh g�1, and the electrochemical
potential is �3.040 V versus standard
hydrogen electrode, which demonstrates
high expectations for the researchers.[9,10]

Unfortunately, the application of lithium
anodes is seriously hindered by the follow-
ing reasons.[11–13] First, the uneven deposi-
tion of lithium and the breakage of
solid�electrolyte interphase (SEI) lead to

the formation of dendrites, which can cause short circuit and
even more severe safety problems. In addition, the formation
of “dead lithium” on the surface of lithium metal anodes
during the process of repeated deposition/stripping of
lithium ion/lithium reduces the use rate of active materials.
Furthermore, the infinite volume expansion and electrode com-
minution lead to sharp attenuation of cycle life.

So far, researchers have explored a variety of approaches to
inhibit dendrite formation and volume changes, including opti-
mizing current liquid electrolytes, modifying separators, explor-
ing solid or polymer electrolytes, designing artificial protective
interfaces, and constructing appropriate current collectors.[14–31]

The initial nucleation and deposition behaviors of lithium show
important influence on the subsequent deposition. An important
way to achieve homogeneous lithium deposition is to improve the
chemical affinity between the substrate and deposited lithium.[32]

Zhang et al. introduced nitrogen-containing functional groups to
graphene nanosheets and preferentially deposited lithium at the
nitrogen doping sites to facilitate homogenous lithium deposi-
tion.[9] Liang and coworkers improved the surface lithiophilicity
of the conductive substrate by in situ modification of Co3O4 nano-
sheets arrays on the surface of nickel foam.[33] Cao and coworkers
constructed NiFx nanosheets on Ni foam via in situ decomposi-
tion of polytetrafluoroethylene (PTEF) coating layer at high tem-
perature.[34] The lithiophilic NiFx interlayer greatly reduced the
nucleation barrier, which facilitates homogenous lithium nucle-
ation and deposition. Meanwhile, the reaction between NiFx and
lithium ions formed an LiF-enriched SEI layer, which enhanced
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The wide applications of high-capacity lithium metal anodes for lithium metal
batteries are restricted by the uncontrollable lithium dendrite growth caused by
the uneven lithium deposition and the infinite volume change of lithium anodes
during the plating/stripping process. Herein, the composite ionic/electronic
interlayer of Li2S/Mo is deposited on the surface of stainless steel mesh (SSM) by
in situ electrochemical conversion reaction from MoS2 nanosheet arrays. The
Li2S/Mo interlayer with high ionic conductivity can regulate uniform lithium-ion
flux and promote homogeneous lithium deposition without dendrite growth. The
half cells with Li2S/Mo-modified SSM current collector show stable cycling
performance of more than 400 cycles at 1 and 1mAh cm�2, with the average
Coulombic efficiency higher than 96%. By coupling with LiFePO4 cathodes, the
assembled full cells demonstrate improved cycling performance. This work
provides a new idea for using metal sulfides as a lithiophilic interlayer to facilitate
dendrite-free lithium deposition.
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the interfacial stability between lithium metal anodes and liquid
electrolytes. Although these studies have achieved some good
results, the excessive deposition at scattered nucleation points still
induces the formation of lithium dendrites. How to generate
homogeneously distributed nucleation sites and facilitate the
rapid migration of lithium ions to the nucleation sites remain
the biggest challenge to achieve dendrite-free lithium metal
anodes.

Herein, we first deposit MoS2 nanosheets on the surface of the
stainless steel mesh (SSM) and then transfer them into uniform
Li2S/Mo microarrays via the electrochemical conversion reac-
tion. The SSM with a regular network structure has high
mechanical strength and excellent electronic conductivity, which
is conducive to rapid electron transportation and fast deposition
dynamics. The interlayer composed of Li2S/Mo can effectively
regulate lithium nucleation and deposition behaviors. A large
number of uniformly distributed Mo atoms possess high
electrical conductivity and good lithiophilicity, providing low-
overpotential deposition sites for lithium. Meanwhile, Li2S has
high ionic conductivity, which enables lithium ions to migrate
rapidly to the nucleation sites on the surface of the nanosheets.
Based on the earlier unique design, Li2S/Mo-modified SSM can
well regulate the deposition behavior of lithium metal, achieving
dendrite-free lithium metal anodes.

2. Results and Discussion

The schematic diagrams of Li deposition behaviors on pristine
SSM and MoS2-coated SSM (MoS2@SSM) substrates are shown
in Figure 1a,b. Li dendrites are easily formed when directly
deposited on the surface of the SSM. While uniform Li

deposition can be achieved on the MoS2@SSM substrate, the
surface of pristine SSM is smooth (Figure S1, Supporting
Information). After hydrothermal treatment, the surface of
SSM is uniformly covered by MoS2 nanosheets, which can be
confirmed by X-ray diffraction (XRD) (Figure 1c). The character-
istic peaks of the SSM are located at 43.6�, 50.8�, and 74.7�. For
MoS2@SSM substrate, there are three obvious characteristic
peaks at 8.8�, 17.8�, and 32.5�, corresponding to (002) plane,
(004) plane, and (100) plane of MoS2, respectively.

[35] The lamel-
lar structure of MoS2 is conducive to the insertion of Li ions, pro-
viding abundant reaction sites and facilitating further conversion
reaction. The nanosheets grown on SSM are uniform and closely
aligned (Figure 1d,e). The small cavities surrounding the arrays
and the periodic network structure of the SSM provide a spatial
constraint for Li deposition. The thickness of the MoS2 layer is
about 1 μm, and some nanochannels can be observed from the
cross-section scanning electron microscopy (SEM) image in
Figure S2, Supporting Information.

To reveal the electrochemical behavior of Li-ion intercalation
in MoS2 nanosheets, cyclic voltammetry (CV) measurements
were carried out on the cells with SSM and MoS2@SSM sub-
strates in the ether-based electrolyte (1 M LiTFSI in
DOL/DME 1:1). As shown in the CV curves of the cell with
SSM substrate in Figure S3, Supporting Information, there
are no obvious oxidation/reduction reactions between the
SSM substrate and Li ions. Figure 2a shows the CV curves of
the cell with MoS2@SSM substrates. In the first cathodic pro-
cess, two reduction peaks appeared, the peak at 0.94 V belongs
to Li-ion insertion in MoS2, forming LixMoS2, and the peak at
0.19 V belongs to LixMoS2 conversion into Li2S and Mo. In
the later anodic process, the weak oxidation peak at 1.74 V rep-
resents the incomplete oxidation of Mo, and the strong oxidation

Figure 1. a,b) Schematic illustration of Li deposition on pristine SSM and MoS2@SSM. c) XRD patterns of MoS2@SSM. d,e) SEM images of
MoS2@SSM at different magnifications.
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peak at 2.4 V represents the formation of MoS2. In the second
cathodic process, a new reduction peak at 1.5 V was associated
with the formation of Li2S. After the initial conversion reaction,
the nanosheet structure of MoS2 transformed into the porous
nanochannel structure of Li2S/Mo (Figure S4, Supporting
Information).

The X-ray photoelectron spectroscopy (XPS) spectra of Mo and
S elements were obtained before and after discharge to 0.01 V
(Figure 2b-f ). As shown in Figure 2c, the peaks at 228.6 and
232.4 eV in the pristine sample before discharge correspond to
Mo 3d5/2 and 3d3/2 peaks of Mo4þ in MoS2. The small peak at
235.6 eV is ascribed to 3d3/2 of Mo6þ due to surface oxidation.
After deconvoluting the two major peaks of Mo4þ, the
as-synthesized MoS2 is identified containing both 1 T phase and
2H phase. The peak at 226.1 eV is S 2s characteristic peak.[36,37]

In Figure 2e, the peaks at 161.3 and 163 eV are ascribed to S
2p3/2 and S 2p1/2 for S2�, respectively. After discharge to 0.01 V,
the peaks of Mo 3d5/2 and 3d3/2 shift to 232.1 and 235.2 eV, indi-
cating the phase transformation to 3 R phase (Figure 2d). The peaks
at 162.63 and 168.2 eV in Figure 2f correspond to S 2p3/2 and 2p1/2
in LixMoS2. The XPS results show that the conversion reaction takes
place at the Li/MoS2 interface after discharge to 0.01 V.

Before the nucleation of Li, the preintercalation and conversion
of MoS2 to 0.01 V at constant voltage were conducted, and the
kinetics of the preintercalation reaction of the MoS2@SSM elec-
trode was analyzed by electrochemical impedance spectroscopy
(EIS). In Figure S5, Supporting Information, it can be observed
that the slope of the straight-line region increases, and the corre-
sponding diffusion impedance decreases after discharge to
0.01 V, which is due to the high ionic conductivity of the dis-
charge product Li2S. After discharging the MoS2/SSM substrate

to 0.01 V at higher current densities, the diameters of the semi-
circle in the high-frequency region increased and the linear slope
in the low-frequency region also increased (Figure S6, Supporting
Information). It can be explained that the formation of additional
Li2S with high ionic conductivity at low current density is benefi-
cial to the diffusion of Li ions.

The migration number of Li ion can be used to characterize
the Li-ion diffusion kinetic in the electrolyte, and its value reflects
the concentration gradient of Li ion in the electrolyte. The con-
stant voltage chronopotentiometry was used to measure the
steady-state current and Rct under the constant voltage condition.
By calculating t(SSM)¼ 0.3006 and t(Li2S/Mo@SSM)¼ 0.3649
(Figure S7, Supporting Information), the number of Li-ion
migrations increased. The Li-ion conductivity of the Li2S/Mo
arrays was evaluated by EIS. MoS2@SSM showed a lower resis-
tance compared with SSM. The calculation analysis showed that
the Li-ion conductivity of MoS2@SSM was 6.24� 10�5 S cm�1,
which is higher than that of SSM at 3.94� 10�5 S cm�1

(Figure S8, Supporting Information). The plating of Li ion occurs
at the interface between pristine SSM and the electrolyte, result-
ing in the decrease in ion mobility; the inhomogeneous distribu-
tion of the internal electric field contributes to the nucleation of
lithium dendrites and the accumulation of charges at the nucle-
ation site, which is the center of further deposition of Li ion, lim-
iting the migration of Li ion. In contrast, the surface electric field
of the MoS2@SSM electrode is evenly distributed, which can be
attributed to the increase in the mobility of Li ion.

Before a large amount of Li deposition, the electrode realized
Li storage in the Li2S/Mo grain boundary area at the same time to
regulate the deposition of Li.[38] Li prestored in the grain bound-
ary area ensured that the concentration of Li ion at the interface

Figure 2. a) CV of the cell with MoS2@SSM within the voltage window of 0.01�3 V at a scan rate of 0.01 V s�1. b) XPS spectra of MoS2@SSM before and
after discharge to 0.01 V. c�f ) High-resolution XPS spectra of c) Mo, e) S before, d) Mo, and f ) S after discharge to 0.01 V.
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during the migration process was not zero, which enhanced the
ionic conductivity of Li ion and inhibited the growth of Li den-
drites. The existence of Mo atoms also guarantees the stability of
the array structure. This conclusion can also be matched by
Sand’s model. When the ion mobility increases, the time τ
increases.[11] This can effectively delay the growth of dendrite,
maintain high Li-ion flux at the interface of electrode and elec-
trolyte, reduce the concentration gradient of Li ion in the electro-
lyte, ensure uniform lithium deposition, and further guarantee
the excellent electrochemical performance.

The growth behaviors of metallic Li on MoS2@SSM and SSM
substrates at different areal capacities were observed by SEM
(Figure 3). As shown in Figure 3a,e, metallic Li first deposited
on Li2S/Mo-coated stainless steel wires. When the areal capacity
increased from 0.2 to 1mAh cm�2, the pores between stainless
steel wires were gradually filled by Li metal, and no dendritic
morphology was observed (Figure 3b-d,f-h). Metallic Li is uni-
formly and completely coated on the surface of MoS2@SSM elec-
trode, which is in contrast with the deposition behavior of

metallic Li on the pristine SSM substrate (Figure 3i-p). The inho-
mogeneity of the surface morphology of the SSM electrode
results in the uneven distribution of surface current density
and the direct generation of Li dendrites during deposition.

In the early process of Li deposition, the initial nucleation
behavior will affect the following deposition of Li. If the Li nucle-
ation is uniform, the morphology of Li deposition will be even,
which effectively suppress the growth of Li dendrites. When the
deposition of metallic Li occurs below 0 V versus Li/Liþ, the volt-
age will rapidly drop to the lowest point, at which Li nucleation
takes place and then starts to rise and reach a flat voltage plateau
with lower overpotential, corresponding to the continuous Li
deposition. The difference between the lowest voltage of the
dip at the beginning and the voltage of the following plateau
is defined as Na metal nucleation overpotential. The advantage
of the MoS2@SSM electrode has been confirmed by the reduced
nucleation potential, as shown in Figure S9a, Supporting
Information. The nucleation potential of the MoS2@SSM elec-
trode at the current density of 1mA cm�2 is much lower than

Figure 3. a�h) SEM images of the surface morphology evolution of Li deposition on MoS2@SSM substrate with the capacity limitation of a,e)
0.2mAh cm�2, b,f ) 0.3 mAh cm�2, c,g) 0.5mAh cm�2, and d,h) 1 mAh cm�2, respectively. i�p) SEM images of the surface morphology evolution
of Li deposition on pristine SSM substrate with the capacity limitations of i,m) 0.2 mAh cm�2, j,n) 0.3mAh cm�2, k,o) 0.5 mAh cm�2, and i,p)
1mAh cm�2, respectively.
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that of the SSM electrode. The low nucleation potential indicates
that MoS2@SSM electrode has excellent lithiophilic property.

As shown in Figure 4a, the cell with MoS2@SSM current col-
lector shows excellent cycling stability at 1 mA cm�2 with the
capacity limitation of 1mAh cm�2. The average Coulombic effi-
ciency can remain above 96% for more than 400 cycles. In con-
trast, the cell with SSM current collector only maintains good
stability for about 120 cycles. After that, the Coulombic efficien-
cies drop sharply. The voltage profiles of the cell with
MoS2@SSM current collector show much lower overpotential
and higher Coulombic efficiency than that of the cell with
SSM current collector at the 125th cycle (Figure S10,
Supporting Information). The cycle stability of the half-cell
can also be confirmed by the voltage�time curve. Under the test-
ing conditions at 1 mA cm�2 and 1mAh cm�2, the cell with
MoS2@SSM current collector exhibited a long cycle stability
of more than 450 h, whereas the voltage of SSM electrode fluc-
tuated greatly, resulting in short circuit after 250 h (Figure S11,
Supporting Information). This is because Li deposited directly on
the SSM fibers, resulting in uneven deposition and dendrite

formation. A large amount of Li was continuously consumed
due to the formation of SEI. The decrease in Coulombic effi-
ciency and random unrestrained growth of dendrites punctured
the membrane, resulting in short circuiting in the cell. These
results further indicate that the unique structure of Li2S/Mo
interlayer with both electronic conductivity and ionic conductiv-
ity is beneficial for the regulation of homogeneous Li-ion depo-
sition behavior.

Figure S12, Supporting Information, shows the impedance
spectrum of the cells with pristine SSM and MoS2@SSM sub-
strates after cycling for different cycles under the conditions
of 1 mA cm�2 and 1mAh cm�2. The Nyquist plot is a half
arc at the high frequency, which corresponds to the electrochem-
ical load transfer resistance in the process of electrode reaction. A
diagonal of the Nyquist plots at the low frequency corresponds to
the diffusion resistance of Li ion in the electrode. The deposition/
dissolution processes on MoS2@SSM substrates are controlled
by electrochemical charge transfer and Li-ion diffusion. Rct of
the bare SSM anode decreased significantly with the increase
in cycle times, which was due to the formation of dendrites

Figure 4. The Coulombic efficiencies of Li plating and stripping on SSM and MoS2@SSM substrates at the areal capacity of 1 mAh cm�2 and the current
density of 1 mA cm�2. b,c) SEM images of SSM electrodes after 150 cycles: b) plating and c) stripping. d,e) SEM images of MoS2@SSM electrodes after
300 cycles: d) plating and e) stripping.
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on the surface, the increase in specific surface area, and the irreg-
ular process of Li ions being reduced to Li. In contrast, the
change of Rct of MoS2@SSM anode is much smaller, indicating
the homogeneous Li deposition and stable SEI.

The morphology changes of Li deposition under cycling were
investigated by SEM. After 150 cycles at 1 mA cm�2 and 1mAh
cm�2, Li deposition on the surface of the SSM electrode presents
an inhomogeneous morphology. A large number of “dead Li”
was found after Li stripped, which is due to the incomplete Li
plating/stripping during many charge�discharge processes.
The Coulombic efficiency is under 100% and the active Li cannot
be fully utilized—the repetition stacked on the surface. However,
after 300 cycles of MoS2@SSM electrodes, it can be observed that
the surface coating is still uniform without obvious Li dendrites.
Therefore, the morphology of SSM modified by MoS2 after
repeated cycling showed that the transformation of MoS2 into
Li2S/Mo could provide a lithiophilic interface and a high ionic
conductor with uniform Li-ion flux, which improves the electro-
chemical performance.

For practical application, the commercial cathode material,
LiFePO4 (LFP), is selected as the cathode to assemble the full cell.
First, 15mAh cm�2 of metallic Li was predeposited on SSM or
MoS2@SSM substrates at a current density of 1mA cm�2 to form
Li@SSM and Li@MoS2@SSM anodes. Figure 5a,b shows the
tenth charge/discharge curve of two full cells at 1 C. LFP ||
Li@MoS2@SSM cell shows a flat voltage platform with lower
voltage polarization (70mV). In addition, the EIS test

(Figure S13, Supporting Information) further confirmed the excel-
lent performance of LFP || Li@MoS2@SSM cell in terms of dynam-
ics, with lower charge transfer resistance and ion diffusion
resistance, which indicated that the ion diffusion was improved.
Due to the stability and high ionic conductivity of Li2S/Mo inter-
layer, the surface-modified SSM electrode showed improved electro-
chemical performance. After a long-term cycle at 1 C, the surface
morphology of the two electrodes is shown in Figure 5c,d. There
are a large number of lithium dendrites on the surface of the
Li@SSM electrode, which may cause short circuit by piercing
the separator. In contrast, the surface of the Li@MoS2@SSM elec-
trode is smooth and flat, without obvious Li dendrites and “dead Li.”

3. Conclusion

In summary, MoS2 nanosheets were fabricated on SSM sub-
strates by a simple one-step hydrothermal method. The highly
ionic-conductive Li2S generated via in situ conversion reaction
from MoS2 significantly improved Li-ion transportation kinetics
and uniform Li-ion flux, which promoted homogeneous lithium
nucleation and deposition. Using MoS2@SSM as substrate for
Li-metal anodes in both symmetrical cells and full cells could sig-
nificantly improve the cycling stability and Coulombic efficiency.
This work provides a new strategy using metal sulfides to regu-
late homogeneous lithium nucleation and inhibit dendritic
growth in lithium metal anode.

Figure 5. a) The cycling performance and Coulombic efficiencies of LFP || Li@SSM full cell and LFP || Li@MoS2@SSM full cell at 1 C. b) The corre-
sponding charge�discharge voltage versus capacity profiles at the tenth cycle. The surface morphology of c) Li@SSM anode and d) Li@MoS2@SSM
anode after 150 cycles.
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4. Experimental Section

Materials: Sodium molybdate (Na2MoO4·2H2O, Sinopharm Chemical
Reagent Co., Ltd, China, 98%), L-cysteine (C3H7NO2S, Shanghai Sigma
Aldrich co., Ltd, China, 99%), sodium borohydride (NaBH4, Sinopharm
Chemical Reagent Co., Ltd, China), and N,N-dimethylformamide (DMF,
Shanghai Sigma Aldrich co., Ltd, China, 99%) were directly used without
further purification. The SSM was washed with deionized water and etha-
nol three times.

Sample Preparation: MoS2 nanosheet arrays grown in situ on SSM were
prepared by the one-pot solvothermal method. Na2MoO4·2H2O (96mg)
used as the molybdenum source, C3H7NO2S (152mg) used as the sulfur
source, and NaBH4 (56mg) used as the reducing agent were added in
70mL H2O/DMF mixed solvent (volume ratio: 1.5:1) and stirred for
30min. Then, the mixed solution was transferred to a 100mL Taflon-lined
stainless autoclave. Subsequently, the autoclave was sealed and heated at
200 �C for 12 h. After the autoclave cooled down to room temperature nat-
urally, the obtained MoS2-coated SSM was taken out and washed with dis-
tilled water three times. The final MoS2@SSM substrates were obtained
after being fully dried at 60 �C for 12 h under vacuum.

Materials Characterization: X-ray diffraction (PANalytical X’Pert PRO,
monochromated Cu Kα radiation 40mA, 40 kV) was used to confirm
the crystal structure of obtained materials. XPS analysis was used to ana-
lyze the compositions and content of elements. The energy resolution was
0.5 eV and the step size was 0.1 eV. A scanning electron microscope
(Hitachi, SU8010) was utilized to characterize the microstructure of the
samples.

Electrochemical Measurements: The SSM or MoS2@SSM substrate was
used as the working electrode without additional conductive additive and
insulting binder. CR2025-type coin cells were assembled in a glovebox
filled with high-purity Ar, using lithium metal plates as the counterelectr-
odes and Celgard 2400 membranes as the separators. The ether-based
electrolyte of 1 M lithium bis (trifluoromethanesulfonyl) imide (LiTFSI)
in 1, 3-dioxolane (DOL) and dimethoxymethane (DME) (1:1 by volume)
with 2 wt% LiNO3 as additive was utilized. During each galvanostatic cycle,
the cutoff voltage of 0.5 V was set for the lithium-stripping process.

The full cells were assembled using LiFePO4 as the cathode material.
Controlled Li metal anodes were prepared by depositing 15mAh cm�2 of
Li on the SSM substrates or MoS2@SSM substrates at the current density
of 1 mA cm�2. The galvanostatic charge–discharge tests were conducted
at different current densities with a cutoff voltage range from 2.4 to 4.2 V.
The cycling performances were tested by a NEWARE BTS-610 (NEWARE
Co. Ltd, China) battery tester. The EIS of the coin cells were measured on a
CHI660E workstation, and the frequency range was from 1MHz to 1 Hz.
The CV measurement was also recorded with CHI660D workstation from
0.01 to 3.0 V versus Li/Liþ at a scan rate of 0.1 V s�1.

The migration numbers of lithium ion (Liþ) were calculated by constant
voltage chronopotentiometry measurement and Nyquist plots under the
constant voltage condition. The specific numbers can be calculated by the
following equation.

tLiþ ¼ ISðV � I0R0Þ
I0ðV � ISRSÞ

(1)

where tLiþ is the migration numbers; Io and Is represent the initial
transient-state and steady-state current; Ro and Rs refer to the initial
transient-state and steady-state resistances of the electrodes; and V is a
constant polarization potential of 10mV.

The ionic conductivity of SSM and MoS2@SSM electrodes was mea-
sured by Nyquist plots with CHI660d electrochemistry workstation. In a
cell, a separator wet with electrolyte was placed between the stainless steel
electrode and SSM or MoS2@SSM substrate. The ionic conductivity was
calculated according to the following equation.

σ ¼ l
AR

(2)

where σ represents Liþ conductivity, l is the thickness of the electrode, A
the area of the prepared electrode, and R refers to the bulk resistance.
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Supporting Information is available from the Wiley Online Library or from
the author.
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