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a b s t r a c t 

Improving interfacial interactions by constructing heterostructures is gaining interest due to its unique structural 
benefits for ion-reservoir applications. However, great challenges remain. Herein, we propose MoS 2 nanorod- 
based heterostructures covered with a closely interconnected Sn and Mo sulfides/carbon matrix (SMSC@MS-HS) 
(engraved by a simple water based surface exfoliation strategy) as an efficient anode material for Li/Na–ion 
storage. Our hierarchical SMSC@MS-HS electrode achieved remarkable discharge capacities of 1,060 and 490 
mAh g − 1 (after 100 cycles at 100 mA g − 1 ) for lithium and sodium-ion batteries, respectively, along with high 
initial coulombic efficiency and rate capability. This well-constructed architecture provided facile Li + /Na + ion 
diffusion and enhanced the charge transfer at the heterointerfaces. Meanwhile, the strong coupling of MoS 2 with 
SnS during water exfoliation in the presence of a carbon matrix created a stable and shielded nanostructure, 
which significantly enhanced electron/ion transport and mitigated the volume expansion during cycling. These 
benefits were attributed to a prominent capacitive contribution from kinetics study, improved Li + /Na + diffusion 
from galvanostatic intermittent titration measurements, and good structural stability from ex-situ analyses. 
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. Introduction 

Rechargeable batteries have received great attention over the last
ecade due to serious environmental problems and an increasing
emand for energy storage devices [ 1 , 2 ]. Lithium-ion batteries (LIBs)
ave attracted much interest for their long-term stability, high voltage
nd high energy density compared to other energy storage systems
3-5] . Similarly, sodium-ion batteries (SIBs) are also good candidates
ecause they have properties similar to LIB, but are cheaper and
an be made from abundantly available materials [6-10] . Developing
echargeable LIBs/SIBs with exceptional energy density is of interest
ue to increasing demand for energy storage devices [11] . One strategy
s to comprehend the fast and stable Li/Na-ion insertion/extraction
pon continuous charging/discharging at the negative electrode.
arious anode materials for LIBs/SIBs such as carbonaceous materials,

ransition metal oxides/sulfides/selenides and some metal alloys have
een investigated extensively due to their high theoretical capacity
12-17] . Among them, transition metal sulfides consisting of an S-M-S
ond structure (such as SnS 2 , SnS, MoS 2 ) have drawn much attention
∗ Corresponding author. 
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ue to their high specific capacities and weak van der Waals forces,
hich are beneficial for Li/Na-ion diffusion with good reversibility for
IBs/SIBs [ 18 , 19 ]. For instance, MoS 2 has been actively studied as an
node material for LIBs/SIBs due to their widened interlayer spacing
nd ability to host the ions without large variation in volume. However,
he poor intrinsic conductivity, cycling and rate capability limit the
ractical applicability of MoS 2 [20-22] . On the other hand, SnS is
nother promising anode material for LIBs/SIBs because the compara-
ively weak Sn-S bonds result in better coulombic efficiency and higher
eversibility [23-25] . But, severe capacity fading of SnS by its large
olume expansion upon continuous Li/Na-ion insertion/extraction
auses aggregation and pulverization in the SnS electrode [ 26 , 27 ]. 

To overcome these issues, heterostructured materials have recently
een developed by coupling two different metal sulfides/selenides
hat can improve the solid-electrolyte interface reaction kinetics and
xpedite charge transfer at the heterointerfaces [ 20 , 28-30 ]. Su et al.
roposed a MoS 2 /CoS 2 nanocomposite via interlayer confinement that
nhances electrochemical kinetics for SIBs [31] . Liu et al. reported a
nSe 2 /ZnSe@PDA heterostructure that can provide fast reaction kinet-
cs and good cycling behavior due to its lattice distortion and charge
edistribution at the heterointerface junctions [32] . Man et al. reported
hat the interface response from layered metal sulfides of MoS 2 /SnS 2 
an provide longer layer distances in LIBs due to van der Waals
March 2021 
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eterojunctions [33] . Cao et al. proposed that bimetallic Sb 2 S 3 /FeS 2 
ulfide nanorods provide an enormous number of active sites at the in-
erface of the heterojunction, thereby increasing the electrochemical ki-
etics as validated by in-situ and DFT measurements for sodium storage
34] . Recently, our group showed that the combination of Fe 1-x S/MnS
mproves storage capability and reduces structural pulverization by co-
perative effects in SIBs [35] . Hence, the rational design and appropriate
ynthesis of novel heterostructured materials with unique compositions
nd morphologies can greatly enhance the storage capability for various
nergy storage devices. However, big challenges still remain. 

Creating porous structures like yolk-shell or hollow structures re-
uires aggressive conditions such as high temperature treatment, acid
tching, coating using some soluble materials in organic solvents or
oating using polymers [ 32 , 36-38 ]. A novel strategy that does not use
hese severe conditions is needed for creating active electrode materials.
erein, we proposed a unique and simple water exfoliation strategy to
reate closely combined Sn and Mo sulfides with a carbon matrix over a
oS 2 nanorods hierarchical structure (SMSC@MS-HS) as an advanced
aterial for Li/Na-ion storage. Developing this type of hierarchical elec-

rode is to improve the capability of alleviating the volume change and
acilitating Li + /Na + transport by increasing the surface area and de-
reasing the diffusion length. The prepared SMSC@MS-HS electrodes
elivered excellent rate capabilities of 752 mAh g − 1 at 2000 mA g − 1 

or LIB, 420 mAh g − 1 at 2000 mA g − 1 for SIB, and good cycling stabil-
ty with high initial coulombic efficiencies of 88.4% (LIB) and 90.5%
SIB). Ex-situ analyses revealed that such a hierarchical heterostructure
ould improve the electrochemical kinetics by promoting electron trans-
er at the junction and shielding the large volume variation during in-
ertion/extraction of Li/Na ions. 

. Experimental Section 

.1. Synthesis of SnS/C@MoS 2 core-shell structure (SSC@MS-CS) 

Initially, MoO 3 nanorods were prepared as described in our previous
eport [20] . Briefly, 200 mg of MoO 3 nanorods were dispersed together
ith SnCl 4 • 5H 2 O and thioacetamide (1:1 weight ratio) along with a

mall amount of glucose in an ethylene glycol and ethanol mixture. The
bove solution was mixed well under magnetic stirring for a few hours.
fter achieving good dispersion, the solution was transferred to an au-

oclave vessel (Teflon lined). Then, the vessel was heated to 150°C for
 hr. Greyish precipitate SnS x /C@MoO 3 was collected, washed with a
ater/ethanol mixture using a refrigerated centrifuge, and dried at 80°C
vernight. Finally, the collected powder was annealed at 500°C for 6 h
ith a sulfur powder under an argon/hydrogen (96/4%) atmosphere to
btain SnS/C@MoS 2 core-shell (SSC@MS-CS) powder. 

.2. Synthesis of SnS/MoS 2 /C@MoS 2 hierarchical structure 

SMSC@MS-HS) 

The hierarchical structure of SMSC@MS-HS was prepared as follows.
 small amount of SnS x /C@MoO 3 core-shell material (achieved before
ulfidation step) was dispersed into hot water (60°C preheated) and
tirred mildly (200 rpm) for 30 min. After that, the solution was cooled
own to room temperature immediately. Then, the collected precipitate
as washed with ethanol and dried at 80°C overnight. Finally, the col-

ected powder was annealed at 500°C for 6 h with sulfur powder inlet
nder an argon/hydrogen (96/4%) atmosphere to obtain SMSC@MS-
S. For comparison, pristine MoO 3 nanorods were directly sulfurized
nder the same conditions to produce pristine MoS 2 nanorods. 

.3. Structural Characterization 

The morphologies and cross-sectional images of all the samples were
nvestigated using FE-SEM (NOVA Nano SEM-450) integrated with en-
rgy dispersive spectroscopy (EDS) and HR-TEM equipped with ele-
345 
ental mapping (JEOL JEM 2100F system) measurement. XRD patterns
ere obtained using a D8 Bruker XRD with Cu K 𝛼 radiation at a wave-

ength of 1.5405 Å in the 2 𝜃 range between 10 and 70º. Nitrogen adsorp-
ion/desorption isotherms were recorded using a Micromeritics TriStar
I 3.02 version apparatus at 77 K. The powder samples were degassed
t 200 °C for 2 h prior to the measurements. XPS spectra were obtained
sing a VG Multilab ESCA system: 220i). 

.4. Electrode Preparation and Electrochemical Characterization 

To prepare working electrodes for MoS 2 , SSC@MS-CS and
MSC@MS-HS, 70 wt.% of active materials were mixed with 15 wt.%
uper P and 15 wt.% CMC in distilled water to make a homogeneous
lurry. Then, it was coated onto the copper foil and dried under vac-
um at 100°C for 12 h. The average mass loading was about 2.0 mg.
R2032-type coin cell was assembled in an argon filled glove box us-

ng the above electrodes against Na foil (Alfa Aesar) with a glass fiber
eparator (Whatman). Approximately 200 μl of 1 M NaClO 4 in ethy-
ene carbonate/propylene carbonate (50:50 by volume) with 10 wt.%
uoroethylene carbonate (PANAX ETEC Co., Ltd.) was injected into the
ell. Lithium and sodium-ion full cells were fabricated with NCM811 and
VP, respectively, using a SMSC@MS-HS anode. When assembling the

ull-cell, the N/P ratio was optimized to be 1.2. Prior to that, the cath-
de was prepared for half-cell test by mixing 80 wt.% NCM811 or NVP,
0 wt.% super P and 10 wt.% poly(vinylidene fluoride) (PVdF) binder
sing N-methyl-2-pyrrolidone (NMP). The slurry was coated onto the
l foil and dried under vacuum at 110 °C for 12 h. CV and EIS mea-
urements were carried out using a CH instrument (CHI600D Electro-
hemical Workshop) at 25°C. The charge and discharge cycling test was
erformed using battery test equipment (WBCS 3000, WonA Tech Co.,
td.) at 25°C. 

. Results and Discussion 

The hierarchical structure of closely combined Sn and Mo sulfide
hielded MoS 2 nanorods was designed and synthesized by a facile eco-
riendly strategy, as graphically presented in Fig. 1 . Briefly, MoO 3 NRs
repared via a hydrothermal approach were uniformly dispersed in
thylene glycol and an ethanol mixture. Subsequently, tin chloride (as
 tin precursor), thioacetamide (as a sulfur precursor) and glucose (as
 carbon precursor) were added and underwent hydrothermal treat-
ent to produce a SnS x /C@MoO 3 core-shell structure. Fig. S1 shows an
-ray diffraction (XRD) pattern of the as-prepared MoO 3 . The diffrac-

ion pattern confirmed the formation of the orthorhombic phase of
oO 3 with a highly crystalline nature (matched with JCPDS no. 35-

609) [39] . In addition to the MoO 3 peaks from the XRD pattern of
nS x /C@MoO 3 core-shell structure, a few additional broad peaks at an-
les of 17.4, 28.2, 50.0° could be also observed, indicating the forma-
ion of SnS x along with MoO 3 without any other impurities (JCPDS:
3-0677), which belongs to the hexagonal phase of SnS 2 [40] . Fig. S2a-
2d show scanning electron microscopy (FE-SEM) images of the pre-
ared pristine MoO 3 , pristine MoS 2 , SSC@MS-CS and SMSC@MS-HS
anostructures respectively, in which core-shell rods with coarse sur-
aces were observed in contrast to the smooth surfaces of pristine MoS 2 
anorods. This SnS x /C@MoO 3 core-shell structure was turned into a
nS x /MoO 3 /C@MoO 3 hierarchical structure by a simple water exfolia-
ion route. The surface of the core MoO 3 was etched using warm water
ue to its solubility. During exfoliation, some of the MoO 3 still persisted
ith the outer SnS x /C, as shown in Fig. 1 . Upon sulfurization reaction
nder a mixed gas atmosphere, this stranded MoO 3 with SnS x /C shells,
nd inner MoO 3 nanorods reacted with the sulfur gas turning them into
oS 2 . In contrast, outward facing SnS x was reduced into SnS sheets.
ypical TEM images of MoS 2 are displayed in Fig. 2 a and 2 b, reveal-

ng a smooth rod-shaped morphology with average sizes of 100 – 200
m without any breaks even after a high temperature sulfurization reac-
ion. Fig. 2 c and 2 d present TEM images of SnS /C@MoS in which the
x 2 
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Fig. 1. Schematic presentation for the prepa- 
ration of SMSC@MS-HS via hydrothermal and 
eco-friendly surface exfoliation strategy. 

Fig. 2. TEM images of pristine MoS 2 at (a) low 

and (b) high magnification. (c) TEM images of 
SSC@MS-CS at (c) low and (d) high magnifica- 
tion. TEM images of SMSC@MS-HS at (e) low 

and (f) high magnification. Inset: (i) zoomed 
image showing the surface void between the 
MoS 2 core and SMSC shell, (ii) SAED pattern. 
(g) HR-TEM image of SMSC@MS-HS, (h) EDS 
mapping of Mo, Sn, S and C for SMSC@MS-HS. 
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mall sheet-like morphology of SnS x /C was uniformly achieved through-
ut the MoS 2 nanorods. The corresponding HR-TEM images before and
fter sulfidation reaction are shown in Fig. S3, in which two different
nterlayers belonging to (001) and (100) could be observed for SnS 2 be-
ore sulfidation, whereas (120) and (021) planes of SnS after sulfidation
40] . The EDS mapping images are presented in Fig. S4, suggesting the
resence of uniformly distributed Mo, Sn, S and C in SSC@MS-CS. After
xfoliation treatment, a tiny void was created between the inner MoS 2 
anorods and outer SMSC shell, as displayed in Fig. 2 e and 2 f. The inset
f Fig. 2 f (i) shows the enlarged images in which void spaces are appar-
nt. The corresponding selected area diffraction (SAED) pattern (inset of
ig. 2 f (ii)) reveals the coexistence of both SnS and MoS as confirmed
2 

346 
y the respective crystalline and polycrystalline natures. Fig. 2 g shows
R-TEM images of the SMSC@MS-HS, which presented well-structured

attice fringes. Two major interlayer spacings of 0.61 and 0.28 nm were
pparently attributed to the MoS 2 (002) and SnS (111) planes with a
arbon matrix. The corresponding elemental mapping results in Fig. 2 h
onfirmed that the Sn, Mo, Sn and C signals were distributed around
he MoS 2 nanorods, confirming the uniform distribution and complete
overage of SMSC sheets on the surface of MoS 2 nanorods with obvious
anovoids. 

XRD measurements were performed to determine the phase com-
osition and crystal structure, and the results are presented in Fig. 3 a.
he peaks were indexed to the composition of orthorhombic type SnS
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Fig. 3. (a) XRD pattern, (b) N 2 adsorp- 
tion/desorption isotherm and (c)-(e) XPS spec- 
tra of SMSC@MS-HS. (c) Mo3d core-level, (d) 
Sn3d core-level, (e) S2p core-level and (f) C1s 
core level spectra. 
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JCPDS: 039-0354) and hexagonal type MoS 2 (JCPDS: 37-1492) with-
ut any impurity peaks. Specific surface area of bare MoS 2 NRs and
MSC@MS-HS samples were calculated using BET (Brunauer–Emmett–
eller) measurements, as presented in Fig. 3 b. SMSC@MS-HS had a large
pecific surface area of 19.8 m 

2 g − 1 due to the coarsened structure and
ltrathin NSs. Pristine MoS 2 NRs exhibited a value of only 9.2 m 

2 g − 1 ,
hich is two-fold lower than SMSC@MS-HS. Such an improved surface
rea will enhance host ion transport and alleviate the volume strain of
nner MoS 2 NRs upon cycling. X-ray photoelectron spectroscopy (XPS)
as also investigated to probe state of chemical bonding and state of va-

ence in the SMSC@MS-HS sample. Fig. 3 c displays the XPS core-level
pectrum of Mo3d, and the peaks were centered at 228.6 eV for Mo3d 5/2 ,
31.8 eV for Mo3d 3/2 core-levels. In addition, the S2s peak was iden-
ified at a binding energy of 225.7 eV [41] . Fig. 3 d shows the Sn3d
ore-level spectrum. A couple of peaks could be observed at 486.7 and
95.2 eV, corresponding to Sn3d 5/2 and Sn3d 3/2 respectively [42] . As
an be seen in Fig. 3 e, the S2p core-level also exhibits a pair of peaks
entered at 161.3 and 162.5 eV, corresponding to S2p 3/2 and S2p 1/2 , re-
pectively. The results confirmed that the carbon layers were bonded to
oS 2 and SnS by C-S covalent bonds, as confirmed by the C1s core-level

pectrum ( Fig. 3 f) [43] . Two major peaks identified at binding energies
f 283.9 and 284.7 eV were associated with C = C and C-C bonds, respec-
ively. Further, a pair of minor peaks could be observed at 285.8 and
88.4 eV, which corresponded to C-S/C-O and C = O, respectively. Sub-
equently, the upward shift of the C1s core-level peaks indicates that
he electron cloud bias around the MoS 2 and SnS was due to the car-
on atoms [ 44 , 45 ]. Compared to standard peaks, Sn3d, Mo3d and S2p
ore-level peaks in SMSC@MS-HS were shifted towards lower binding
nergies, signifying the rich electron cloud density around the MoS 2 NRs
45] . The strong coupling and improved interactions between SnS and
oS 2 due to the electron cloud bias from SnS to MoS 2 further confirmed

he formation of a nanosized heterojunction between SnS and MoS 2 . The
ntimate connections caused by SMS and C are likely key in preserving
MS, reaction products and providing improved electronic conduction
pon cycling [ 46 , 47 ]. 

To elucidate the lithium storage ability in the prepared materials,
yclic voltammetry, charge- discharge and electrochemical impedance
nalyses were performed. Fig. 4 a presents CV curves between 3.0 and
.01 V at 0.1 mV s − 1 . During the first cathodic scan, the peak observed at
.0 V corresponded to the decomposition of SnS into Sn and Li 2 S. A peak
t around 0.5 V was attributed to the conversion process of MoS 2 with
a to form Na x MoS 2 , a solid electrolyte interphase (SEI), while the Li x Sn
lloying process was observed in a broad peak below 0.25 V [48] . From
347 
he second cathodic scan, the peak at 1.96 V corresponded to the reduc-
ion of sulfur into Li 2 S. In addition, a pair of peaks between 1.0 to 1.5 V
ould be observed, which were assigned to the reactions of SnS to Sn and
oS 2 to Mo [ 20 , 48 ]. Turning to the first anodic scan, the peak at around

.6 V can be ascribed to the delithiation of Li x Sn to Li + . Two more peaks
round 1.9 and 2.25 V were also observed in the high potential region.
hese peaks were related with the oxidation reaction of metallic Sn with
i 2 S and metallic Mo with Li 2 S, respectively [ 49 , 50 ]. They were very
imilar to the second anodic scan. Fig. 4 b displays the typical charge and
ischarge curves of the SMSC@MS-HS electrode. As shown in figure, the
nitial charge and discharge capacities of the SMSC@MS-HS electrode
ere 996 and 881 mAh g − 1 with an initial coulombic efficiency (ICE)
f 88.4% at 50 mA g − 1 . ICE values of 83.9 and 85.3% were obtained
or pristine MoS 2 NRs and SSC@MS-CS electrodes, respectively (Fig.
5). For comparison, the electrochemical performance of pristine SnS,
oO 3 and SnS 2 @MoO 3 before sulfidation reaction for LIB is presented

n Fig. S6, S7 and S8, respectively. They revealed that cycling perfor-
ance of these pristine samples was inferior to that of the SMSC@MS-
S electrode in terms of discharge capacity and cycling stability. Fig. 4 c
resents a comparison of the ICE of the SMSC@MS-HS heterostructured
lectrode and recent literature on Sn and Mo based sulfides for LIBs.
enerally, the loss of initial capacity depends on the irreversible reac-

ion of the electrode during charge and discharge, the irreversible de-
omposition of electrolytes, trapping due to defects or functional groups
nd other side reactions. The prepared SMSC@MS-HS heterostructured
lectrode provided improved reaction kinetics, ion insertion/extraction
eversibility, ion diffusion paths and a stable SEI layer. Thus, signifi-
ant improvement in the ICE could be achieved. As shown in Fig. 4 d,
he specific capacity of SSC@MS-CS and SMSC@MS-HS increased upon
ycling up to 80 cycles due to the activation process, and steady state
as subsequently achieved. After 100 cycles, maximum discharge ca-
acities of 966 and 1060 mAh g − 1 were achieved for SSC@MS-CS and
MSC@MS-HS, respectively, whereas drastic capacity fading was ob-
erved for pristine MoS 2 NRs before 50 cycles. In the course of the cy-
les, SMSC@MS-HS showed stable coulombic efficiencies up to 100%.
n contrast, pristine MoS 2 NRs showed reduced coulombic efficiency as
apacity fades. Similarly, the rate capabilities of the prepared electrodes
 Fig. 4 e) were investigated at different current densities ranging from 50
o 2000 mA g − 1 . The SMSC@MS-HS electrode delivered excellent dis-
harge capacities, especially at high current (752 mAh g − 1 at 2000 mA
 

− 1 ), that is, 80% with respect to the capacity obtained at 50 mA g − 1 .
lectrochemical impedance spectroscopy (EIS) was performed, and the
esults are presented as a Nyquist plot in Fig. 4 f. An equivalent circuit
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Fig. 4. LIB performance: (a) Cyclic voltamme- 
try curves of SMSC@MS-HS, (b) charge and dis- 
charge curves of SMSC@MS-HS, (c) ICE com- 
parison of Sn and Mo sulfide-based LIBs and 
SMSC@MS-HS in this work, (d) cycling stabil- 
ity at 100 mA g − 1 , (e) rate capability at various 
current densities, (f) EIS Nyquist plot for pris- 
tine MoS 2 NRs, SSC@MS-CS and SMSC@MS- 
HS electrodes, (g) cycling stability at 1 A g − 1 

for SMSC@MS-HS electrode. 
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o fit the experimental data is given in the inset of figure. Each spectrum
howed overlapped semicircles at the high and intermediate frequency
egions, which are corresponding to lithium-ion diffusion through SEI
ayer and charge transfer process, respectively. The intercept on the real
xis at high frequency is corresponding to the electrolyte resistance. The
traight line at the low frequency region was associated with the War-
urg impedance. As shown in the plot, the broadness of the semicircle
t the high and medium frequency zone was reduced in the plot for the
MSC@MS-HS electrode compared with that for the SSC@MS-CS and
ristine MoS 2 electrodes, signifying reduced charge transfer resistance
R ct ) at the interface of electrode-electrolyte. This result can be ascribed
o the strong binding and the presence of SMSC on the outer shell. As
 result, the improved charge-transfer characteristics in the SMSC@MS-
S could significantly enhance the storage ability. Further, a high dis-
harge capacity of 655 mAh g − 1 was retained after 200 cycles at 1000
A g − 1 ( Fig. 4 g). Overall electrochemical performance of SMSC@MS-
S electrode was compared with recent reports on metal sulfides for LIBs

n Table S1. Such an excellent cycling stability at high current density
as related to the hierarchical structure design in which the available
oid space can effectively accommodate the volume strain created over
he inner MoS 2 NRs upon Li-ion insertion, mitigating structural pulver-
zation of the electrode materials. The ternary SMSC shells also provide
enerous electrode/electrolyte contact areas that improve the conduc-
ivity and shorten the Li + diffusion and electron pathways upon cycling,
hus boosting the high rate cycling performance. 

Sodium storage performance of the SMSC@MS-HS electrode was
valuated between 3.0 - 0.01 V at 0.1 mV s − 1 , as presented in Fig. 5 a. As
hown, the broad peak around 0.61 V might be due to the alloying reac-
ion of Na/Sn, the conversion reaction of Na + ions with MoS 2 interlayers
o form Na x MoS 2 and SEI layer formation during the 1st cathodic scan
51] . The peak below 0.2 V might be associated with the conversion
eaction of Na x MoS 2 to Na 2 S and Mo [52] . From the second cathodic
can, one more peak at 1.0 V was observed, indicating the SnS to Sn
onversion, whereas a mild peak shifting to 0.63 from 0.61 V in the first
can might be correlated with the multistep Sn alloying reaction where
348 
odium ions form Na x Sn and MoS 2 to Na x MoS 2 [53-55] . During the first
nodic scan, two peaks at 0.73 and 1.14 V can be related to dealloying
f Na x Sn to Sn and the Na 2 S/Sn to SnS reverse conversion reaction,
espectively [ 54 , 55 ]. A peak at 1.78 V was associated with the oxida-
ion of Mo to MoS 2 [ 53 , 55 , 56 ]. Charge and discharge cycling test of the
MSC@MS-HS electrode was performed against Na metal in the half-cell
onfiguration, similar to the LIB. Fig. 5 b displays the voltage profiles of
he SMSC@MS-HS electrode for the first three cycles consisting of two
ormation cycles at 50 mAg − 1 and the first cycle at 100 mA g − 1 . As
resented, the initial charge and discharge capacities of SMSC@MS-HS
lectrode were 617 and 559 mAh g − 1 at 50 mA g − 1 with a high ICE of
0.6%. On the other hand, ICE values of only 85.8 and 87.4% were ob-
ained for pristine MoS 2 NRs and SSC@MS-CS electrodes, respectively
Fig. S9). For comparison, the electrochemical performance of pristine
nS, MoO 3 and SnS 2 @MoO 3 before sulfidation reaction for SIB is pre-
ented in Fig. S10, S11 and S12, respectively. Similar to the LIB, the ini-
ial and successive discharge capacities were deprived, suggesting the
ow reversible capacity and poor cycling stability for pristine samples.
ig. 5 c presents the ICE comparison of the SMSC@MS-HS heterostruc-
ured electrode and recent literature on Sn and Mo-based sulfides for
IBs. Like the LIBs, the prepared SMSC@MS-HS heterostructured elec-
rode exhibited high ICE compared to most of the Sn and Mo-based sul-
des. Fig. 5 d demonstrates the cycling stability comparison of pristine
oS 2 NRs, SSC@MS-CS and SMSC@MS-HS at 100 mA g − 1 . As shown

n the figure, the specific capacities of SSC@MS-CS and SMSC@MS-HS
lectrodes were stable with a slight increase upon cycling up to 80 cy-
les, then a slight drop thereafter. After 100 cycles, maximum discharge
apacities of 364.8 and 487.8 mAh g − 1 were achieved for SSC@MS-CS
nd SMSC@MS-HS, respectively, whereas a gradual decrease in capacity
as observed from initial cycles for pristine MoS 2 NRs (~55% capacity

etention). Similarly, rate capabilities of the prepared electrode materi-
ls ( Fig. 5 e) were measured from 50 to 2000 mA g − 1 . The SMSC@MS-HS
lectrode delivered excellent discharge capacities especially at high cur-
ent density (~420 mAh g − 1 at 2000 mA g − 1 ). Like LIB, the diameter of
he semicircle at the high and medium frequency region was decreased
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Fig. 5. SIB performance: (a) cyclic voltamme- 
try curves of SMSC@MS-HS, (b) charge and dis- 
charge curves of SMSC@MS-HS, (c) ICE com- 
parison of Sn and Mo sulfide-based SIBs and 
SMSC@MS-HS in this work, (d) cycling stabil- 
ity at 100 mA g − 1 , (e) rate capability at various 
current densities, (f) EIS Nyquist plot for pris- 
tine MoS 2 NRs, SSC@MS-CS and SMSC@MS- 
HS electrodes, (g) cycling stability at 1 A g − 1 

for SMSC@MS-HS electrode. 
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or the SMSC@MS-HS electrode compared with the SSC@MS-CS and
ristine MoS 2 electrodes, indicating enhanced charge transfer character-
stics in the SMSC@MS-HS, which might be the reason for the improved
odium storage ability. In addition, a relatively high discharge capacity
f 371 mAh g − 1 was achieved after 200 cycles at 1000 mA g − 1 ( Fig. 5 g).
he overall performance of SMSC@MS-HS electrode was compared with
ecent literature based on metal sulfides for SIBs in Table S2. 

Kinetic analyses such as the galvanostatic intermittent titration tech-
ique (GITT) and CV measurement at different scan rates were carried
ut for both LIB and SIB to estimate the Li/Na diffusion coefficient and
apacitive contribution, respectively. Fig. 6 a and 6 c present the GITT
urves at 100 mA g − 1 after a pair of formation cycles for LIB and SIB,
espectively. Both curves showed multi-step lithiation/delithiation and
odiation/desodiation reactions of SMSC@MS-HS on ion-diffusion. The
ncreased lithiation and de-sodiation parts and corresponding diffusion
oefficients are shown in Fig. 6 b. As presented in figure, the diffusion co-
fficients were almost the same at the selected zone. The higher Li + /Na + 

iffusion coefficient of the SMSC@MS-HS electrode was ascribed to
he nano-crystalline zones, which reduced the diffusion length of the
olid-phase. Although the Li + /Na + diffusion coefficient in SMSC@MS-
S changed slightly, it remained almost steady at the selected regions
nd higher than that of single metal sulfides, implying that the bimetal-
ic sulfides provided an improvement in ion diffusion [57] . This fast
i/Na ion diffusion can be explained as follows. First, phase boundaries
ould hinder the development of crystalline domains and build active
ites and crystal defects. Secondly, out-of-step reactions and various re-
ox potentials of two phase binary metal sulfides can alleviate the stress
pon cycling. The electrochemical kinetics of the SMSC@MS-HS het-
rostructured electrode was further investigated by cyclic voltammetry
t various sweep rates ranging from 0.1 to 1.0 mV s − 1 . These results are
resented in Fig. 6 d and 6 g for LIB and SIB, respectively. As shown in
oth figures, the CV curves were well maintained from low to high scan
ates, suggesting good reversible behavior of the electrodes. Contribu-
ions from capacitive and diffusion currents could be measured using the
elation i = k 1 𝜈 + k 2 𝜈1/2 ( 𝜈 is scan rate, k 1 𝜈 is capacitive contribution,
349 
 2 𝜈
1/2 is diffusion contribution) [58] . Differences between the capaci-

ive and diffusion contributions of the CV curves are shown in Fig. 6 e
nd 6 h for LIB and SIB, respectively. The corresponding contributions
t the various scan rates are also presented in Fig. 6 f and 6 i. According
o the calculations, maximum capacitive contributions achieved for LIB
nd SIB at 1 mV s − 1 were 83.2 and 80.4%, respectively. The influence of
apacitive contribution of the SMSC@MS-HS heterostructured electrode
o the total capacity was attributed to the fast electrochemical kinetics.

Postmortem analysis is an important procedure in energy storage
evices to understand the physical and chemical interactions that are
resent during charging/discharging at the interface of an electrode and
lectrolyte. Fig. 7 shows an ex-situ analysis for pristine MoS 2 NRs and
MSC@MS-HS electrodes after 100 cycles for LIB. As shown in Fig. 7 a
i), a brown solution was observed within a few minutes of sonication
or pristine MoS 2 NRs after cycling, indicating the loss of binding ability
rom the current collector. On the other hand, no dissolution was ob-
erved for the SMSC@MS-HS electrode even after more cycles, clearly
evealing the excellent binding ability of the SMSC@MS-HS to the cur-
ent collector ( Fig. 7 b (i)). TEM and XRD measurements were performed
or both electrodes after cycling. As shown in the ex-situ TEM images
n Fig. 7 a (ii), the rod shaped morphology of MoS 2 was fully damaged
ue to its large volume expansion upon continuous cycles. On the other
and, the rod-shaped morphology of the SMSC@MS-HS electrode was
lmost maintained by hierarchical outer ternary SMSC shells ( Fig. 7 b
ii)). The measured interlayer spacing for the SMSC@MS-HS electrode in
R-TEM indicates the presence of a (111) plane for SnS. The ex-situ XRD
atterns for the pristine MoS 2 and SMSC@MS-HS electrodes are pre-
ented in Fig. 7 b (iii). Clearly, the high intensity peaks of MoS 2 around
4° (which is responsible for the high interlayer distance of MoS 2 ) to-
ally disappeared except for the broad peak between 35-45°, indicating
hat an amorphous phase was formed after cycling. Similarly, no peaks
ould be observed for MoS 2 , except a few peaks for SnS ( ♣) and Sn in
he SMSC@MS-HS electrode after cycling. This observation agreed well
ith the ex-situ HR-TEM measurement. In addition, two high intensity
eaks were identified for Cu substrates. Based on the ex-situ results,



G.K. Veerasubramani, M.-S. Park, H.-S. Woo et al. Energy Storage Materials 38 (2021) 344–353 

Fig. 6. Kinetic study of SMSC@MS-HS elec- 
trode: GITT curves for (a) LIBs, (c) SIBs and 
(b) corresponding diffusion coefficient in the 
marked region. (d) CV curves at various scan 
rates ranging from 0.1 – 1.0 mV s − 1 in LIB. (e) 
Diffusion and capacitive separation curve at 1 
mV s − 1 in LIB, (f) contribution percentage of 
diffusion and capacitive controlled reaction at 
various scan rates in LIB. (g) CV curves at var- 
ious scan rates ranging from 0.1 – 1.0 mV s − 1 

in SIB. (h) Diffusion and capacitive separation 
curve at 1 mV s − 1 in SIB, (i) contribution per- 
centage of diffusion and capacitive controlled 
reaction at various scan rates in SIB. 

Fig. 7. (a) Photographic image of pristine 
MoS 2 NRs after bath sonication cycles for 15 
min and TEM image of pristine MoS 2 NRs af- 
ter cycles. (b) Photographic image of pristine 
MoS 2 NRs after bath sonication cycles for 15 
min, XRD pattern, TEM and HR-TEM images. 
(c) A schematic representation of the effect of 
structural pulverization upon continuous cy- 
cling for pristine MoS 2 NRs and SMSC@MS-HS 
electrodes. 
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chematics can be drawn in Fig. 7 c for both lithiation and sodiation
pon extensive cycling to illustrate the advantages of the SMSC@MS-HS
eterostructure. Fig. S13 and S14 present a comparison of Nyquist plots
efore and after cycling at 100 mAg − 1 . Therein, the lower concaved
emicircle for pristine MoS 2 in both LIB/SIB (Fig. S13a and S14a) signi-
es an increase in R ct . This might be due to the loss of contact between
eighboring nanorods and active materials from the current collector in
ristine MoS 2 electrode. In contrast, this phenomenon was controlled in
he SMSC@MS-HS electrode, as shown in Fig. S13b and S14b for both
IB and SIB. To further elucidate the enhanced stability of SMSC@MS-
S, ex-situ cross-sectional FE-SEM images were obtained after cycles
ith comparison of pristine MoS 2 electrode (Fig. S15a and S15b). As

xpected, the excellent adhesion was observed in SMSC@MS-HS elec-
rode compared to pristine MoS 2 electrode after continuous charge and
350 
ischarge cycles. The overall ex-situ analyses confirmed the efficient
inding of the SMSC@MS-HS electrode after cycling. The presence of
ierarchical outer ternary SMSC shells in SMSC@MS-HS effectively al-
eviated the volume expansion upon continuous lithiation/sodiation cy-
les. 

To elucidate the practical applications of the SMSC@MS-HS elec-
rodes, full cells were assembled using LiNi 0.8 Co 0.1 Mn 0.1 O 2 (NCM811)
nd Na 3 V 2 (PO 4 ) 3 (NVP) for LIB and SIB, respectively, as displayed
n Fig. 8 a. Prior to assembling the full cell, half-cell performance of
CM811 (Fig. S16) and NVP (Fig. S17) was evaluated. As shown in fig-
res, remarkable discharge capacities of 194.5 and 105.0 mAh g − 1 were
chieved for NCM811 and NVP electrodes, respectively, with good cy-
ling stability. Fig. 8 b and 8 c compare the charge-discharge curves for
nodes, cathodes and full cells for LIB and SIB, respectively. Fig. 8 d and
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Fig. 8. (a) Schematic illustration of full cell 
fabrication consisting of SMSC@MS-HS anode 
and NCM811 or NVP cathode. Comparison of 
charge-discharge curves of cathode, anode and 
full cell for (b) LIB and (c) SIB. (d) Charge and 
discharge curves of assembled LIB, (e) cycle 
and rate performance of assembled LIB full cell, 
(f) charge and discharge curves of assembled 
SIB, (g) cycle and rate performance of assem- 
bled SIB full cell. (Note that the specific capaci- 
ties of full cells were calculated based on anode 
mass). 
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 f show the charge-discharge curves for SMSC@MS-HS/NCM811 and
MSC@MS-HS/NVP full cells in the voltage ranges between 1.0 - 4.1
nd 0.8 - 3.6 V, respectively. Maximum discharge capacities of 623.0 and
92.5 mAh g − 1 (based on anode weight) were obtained for LIB and SIB
ull cells, respectively. After formation cycles, all the curves were almost
verlapped each other, showing very good cycling stability. Fig. 8 e and
 g present the cycling stability and rate capability at different current
ates. Both SMSC@MS-HS/NCM811 and SMSC@MS-HS/NVP full cells
xhibited an excellent cycling stability and rate capability. Discharge
apacities of 455 and 264 mAh g − 1 were achieved at the end of 50 con-
inuous cycles for SMSC@MS-HS/NCM811 and SMSC@MS-HS/NVP full
ells, respectively. These results demonstrate that SMSC@MS-HS can be
sed as a promising anode material for Li and Na-ion storage applica-
ions. 

. Conclusion 

In summary, we demonstrated the synthesis of SMSC shielded MoS 2 
anorods with adequate surface voids by a simple, hydrothermal, eco-
enign water exfoliation method followed by annealing treatments. The
imple water exfoliation strategy to create pores over the surface of inner
ore materials had an enormous benefit compared to vigorous commer-
ial treatments. This internal void space in the prepared SMSC@MS-HS
ccommodated volume expansion during repeated charge and discharge
ycles. The generous phase boundaries of the bi-metallic sulfides on the
uter shell promoted the electronic/ionic conductivity, and an enhance-
ent in the reversibility was achieved during lithiation/sodiation. Fur-
351 
hermore, SMSC@MS-HS provided an excellent pseudocapacitive con-
ribution, and increased diffusion coefficients were responsible for the
xcellent rate and cycling performance. Post-mortem analysis showed
hat the improved Li/Na storage performance was achieved by the hi-
rarchical outer ternary SMSC shells in SMSC@MS-HS. As a result, the
MSC@MS-HS heterostructured electrode exhibited outstanding cycling
erformance in both LIB and SIB full cells. Based on the measured elec-
rochemical performance, the SMSC@MS-HS is a promising anode ma-
erial for energy storage applications. 
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