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a  b  s  t  r  a  c  t

Low-crystallinity  molybdenum  sulfide  (LCMS,  Mo:S  =  1:2.75)  nanosheets  synthesized  by  a  facile  and  low
temperature  solvothermal  method  is  now  reported.  The  as-prepared  LCMS  anode  material  is  compos-
ited  of MoS2 layers  mixed  with  amorphous  MoS3, which  leads  to  an  unusual  electrochemical  process
for  lithium  storage  compared  to typical  MoS2 anode.  The existence  of  MoS3 and  Mo  (VI)  provide  strong
adsorption  and  binding  sites  for  polar  polysulphides,  which  compels  abundant  sulfur  to  turn  into  new-
formed  MoS3 rather than diffuse  into  electrolyte.  To  fully  utilize  this  novel  electrochemical  process,
LCMS  is  decorated  on carbon  nanotubes,  obtaining  well-dispersed  CNTs@LCMS.  As electrode  material
for lithium  storage,  CNTs@LCMS  exhibits  a noticable  ascending  trend  in  capacity  from  820  mA  h g−1 to
1350  mA  h  g−1 at 100  mA  g−1 during  130  cycles.  The  persistent  ascending  capacity  is ascribed  to  the
ong-life
ithium-ion batteries

increasing  lithium  storage  caused  by new-formed  MoS3, combined  with  the  reduced  volume  change
benifiting  from  well-dispersed  CNTs@LCMS.  Furthermore,  the  ascending  performance  is  proved  to  be
able  to effectively  extend  the  circulation  life (up  to  200%)  for  lithium-ion  batteries  by mathematical
modeling  and  calculation.  Accordingly,  the  CNTs@LCMS  composite  is a promising  anode  material  for
long-life  lithium-ion  batteries.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Lithium-ion secondary batteries, with high specific energy
nd power densities, have dominated the power source field for
ortable electronic devices [1–5]. In order to meet the increas-

ng huge power requirements of electric vehicles and the power
torage for certain renewable energy sources, such as solar and

ind energy, enormous efforts have been made to develop high-

erformance lithium-ion batteries (LIBs), especially the electrode
aterials [6–10]. In this context, many metal oxides or sulfides

∗ Corresponding author at: State Key Laboratory of Alternate Electrical Power Sys-
em  with Renewable Energy Sources, North China Electric Power University, Beijing,
02206, China.
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47667748@qq.com (Y. He), mlq518@whut.edu.cn (L. Mai).

ttp://dx.doi.org/10.1016/j.apsusc.2016.09.055
169-4332/© 2016 Elsevier B.V. All rights reserved.
have been intensively explored as alternative anode materials for
lithium storage due to their relatively high energy density, envi-
ronmental friendliness and low-cost [3,6,8]. In particular, MoS2 has
been considered as an attractive LIBs anode material in view of its
facile synthesis and the capability to allow easy lithium ions inser-
tion/extraction, enabling its assembly with diverse substrates and
delivering a high theoretical specific capacity of 670 mA  h g−1 [11].
Various MoS2 nanostructures such as nanoplates [12], nanotubes
[13] and nanoflowers [14] have been reported for lithium storage
as LIB anodes which showed high capacities. However, large vol-
ume  changes often occur in the MoS2 anode during repeated charge
and discharge process, which causes pulverization and aggregation,
hence resulting in quick capacity fading upon cycling. Further-
more, the reaction process of MoS2 generally involves insulating
polysulfides (Li S , 1 < x < 8) which could easily dissolve in liquid
2 x

electrolyte, causing dissolution loss of electrode, deteriorated the
conductivity of the electrolyte and the electrode, thus leading to
capacity fading [15–17].
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Amorphization of active materials has been considered as an
ffective approach to improve the cycling stability and specific
apacity. Firstly, the isotropic and open structure in amorphous
aterials can effectively tolerate the anisotropic expansion caused

y the insertion of lithium ions and reducing stresses deriving
rom phase transition [18,19]. The comparatively slight volume
hanges were demonstrated in the amorphous silicon and tin oxide
ased anodes [20–22]. Secondly, amorphous materials possess a

ower reactions change in Gibbs free energy (�G) compared to
ts crystallinity counterpart, which contributes to the enhanced
eversibility of conversion reaction for amorphous anode [23].
or example, the amorphous Fe2O3, MnOx and MoO2 have been
eported to exhibit higher capacity and better cyclability than crys-
allinity one [23–25]. In addition, amorphous MoS3 present steadily
eversible electrochemical performance for lithium storage and Mo
VI) with high affinity for sulfur-containing molecules can reduce
he dissolution of polysulfides, benefiting the capacity and cycla-
ility of electrode [19,26]. On the other hand, active materials were
sually immobilized into/onto various matrices to suppress their
apacity fade during cycling, such as carbon nanofiber, carbon nan-
tube (CNT), graphene [26–28].

In this work, we report the synthesis of a low-crystallinity
olybdenum sulfide (LCMS, Mo:S = 1:2.75) by a facile and low

emperature solvothermal approach. The LCMS is likely the mix-
ure of layered MoS2 and amorphous MoS3, indicated by XPS,
CP and TEM characterization. The LCMS shows an unusual elec-
rochemical behaviour in the lithium ion storage, distinct from
hose of previous studies of MoS2-based materials [26,29,30] and

oSx/CNTs [31]. When the LCMS was directly loaded on pristine
NTs to build a new composite anode (CNTs@LCMS) for LIBs, a phe-
omenon of ascending capacity upon cycling appears. Furthermore,

 mathematical modelling and calculation demonstrates that the
henomenon of ascending capacity caused by this abnormal elec-
rochemical process can effectively extend the circulation life of
ithium-ion batteries.

. Experimental section

.1. Materials synthesis

.1.1. Chemicals
The carbon nanotubes (CNTs) were purchased from Nanocyl,

elgium. The (NH4)2MoS4 powder and N, N-dimethylformamide
DMF) were purchased from Sigma-Aldrich, Australia. All chemicals
ere used as received without further purification.

.1.2. Preparation of the CNTs@LCMS composite
0.1 g of CNTs was dispersed into 30 mL  of N, N-

imethylformamide (DMF) by ultrasonication for 20 min. Then,
.22 g of (NH4)2MoS4 powder was added in the solution. After
tirring for 10 min, the homogeneous solution was transferred
nto a 35 mL  Teflon-lined stainless steel autoclave and kept in an
lectric oven at 180 ◦C for 24 h. The autoclave was  then left to cool
own to room temperature naturally. The black precipitate was
ollected by centrifugation, thoroughly washed with deionized
ater and ethanol for several times and dried at 70 ◦C for 12 h in

acuum.
For comparison, the as-prepared CNTs@LCMS composite was
urther annealed at 800 ◦C in an atmosphere of 5% of H2 bal-
nced by Ar at a ramping rate of 5 ◦C min−1 and maintained at
his temperature for 2 h in order to convert amorphous MoS3 into
igh-crystallinity MoS2, resulting in the CNTs@MoS2 composite.
nce 392 (2017) 297–304

2.1.3. Preparation of LCMS clusters
LCMS clusters were prepared by the same method as mentioned

above, in the absence of CNTs.

2.2. Characterization

The distribution, size and morphology of the as-prepared sam-
ples were characterized by the scanning electron microscopy (SEM)
(FEI SIRION 200). Transmission electron microscopy (TEM), high-
resolution TEM (HRTEM), high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) and EDX map-
ping studies were carried out on a probe-corrected transmission
electron microscope operating at 200 kV (FEI Tecnai F20). The
chemical compositions and structures of the as-prepared samples
were analysed by X-ray diffraction (XRD) (Bruker D8 Advance X-ray
diffractometer, Cu-K� radiation � = 0.15406 nm)  and X-ray pho-
toelectron spectroscopy (XPS) (AXIS Ultra-DLD, Kratos Analytical,
Manchester, UK, using monochromated Al K� radiation). The exact
Mo:S molar ratio in the LCMS clusters was  also measured by the
inductively coupled plasma optical emission spectroscopy (ICP-
OES, Agilent 730). The LCMS clusters were digested into the solution
using a mixed acid method. Then the resulting solution was  diluted
appropriately and measured for the Mo  and S elements (molar ratio,
Mo:  S = 1:2.75) by the ICP-OES.

2.3. Electrochemical measurements

The working electrodes were fabricated by coating a slurry
containing 80 wt% of active materials (CNTs@LCMS, CNTs@MoS2
or LCMS clusters), 10 wt% of acetylene black (Super-P), and
10 wt% of polyvinylidene fluoride (PVDF) dissolved in N-methyl-
2-pyrrolidinone onto a copper foil and dried at 100 ◦C in vacuum
for 12 h before pressing. Standard CR2032-type coin cells were
assembled in an Ar-filled glovebox (KIYON, Korea) by using the
as-prepared anode, Li metal foil (0.4 mm thick) as the counter
electrode, and a separator (Solupor 7P03A). The electrolyte was
composed of 1 M LiPF6 dissolved in a mixture of ethylene carbonate
(EC) and dimethyl carbonate (DMC) (V/V = 1:1). The cells were aged
for 12 h before the measurements. Galvanostatic discharge–charge
(GDC) experiments were performed at different current densities in
the voltage range of 0.01–3.00 V with a multichannel battery tester
(Maccor, Inc, USA). Cyclic voltammetry (CV) measurements were
conducted by the electrochemical workstation (Solartron Poten-
tiostat and Impedance Analyser, UK). Electrochemical impedance
spectra (EIS) were measured using the same electrochemical work-
station by applying an AC voltage of 10 mV  amplitude over the
frequency range from 100 kHz to 0.1 Hz.

3. Results and discussion

The bare low-crystallinity molybdenum sulfide (LCMS) pow-
der and CNTs@LCMS composite were synthesized by solvothermal
decomposition of (NH4)2MoS4 at 180 ◦C. The bare LCMS powders
are composed of clusters with an average size of 100 nm, which
are actually agglomerated by many LCMS nanosheets, as shown
in Fig. 1a. When adding CNTs, the LCMS nanosheets grow on the
surface of CNTs to form a cable-like nanostructure with favor-
able dispersion (Fig. 1b). At this mass ratio (NH4)2MoS4 to CNTs
(2.2:1), LCMS nanosheets are uniformly anchored onto the origi-
nally smooth CNTs (Fig. S1) without any aggregation in the resulting
CNTs@LCMS composite. Fig. 1c shows the TEM image and corre-
sponding fast Fourier transform (FFT) pattern of a typical LCMS

nanosheet in LCMS clusters, demonstrating the clear layered struc-
ture of MoS2 and some amorphous component (MoS3). In the
CNTs@LCMS composite, LCMS nanosheets are anchored onto the
surface of CNTs, as confirmed by TEM image and corresponding FFT
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cells to investigate the electrochemical performance. Fig. 4a, b
ig. 1. Structural characterization: SEM images of LCMS clusters (a) and CNTs@LCMS
omposite (b). TEM images of LCMS clusters (c) and CNTs@LCMS composite (d).
RTEM images of LCMS clusters (e) and CNTs@LCMS composite (f).

attern in Fig. 1d. Both LCMS clusters and CNTs@LCMS give the low
rystallinity nature. Meanwhile, the XRD patterns (Fig. S2) of LCMS
nd CNTs@LCMS present wide diffraction peaks rather than sharp
iffraction peaks of the MoS2 [6], which demonstrate their low crys-
allinity. The HRTEM image of a LCMS cluster (Fig. 1e) displays that

he typical interlayer spacing of MoS2 layers in LCMS clusters is
pproximately 0.63 nm,  corresponding to the (002) plane. The lat-
ice fringe of (002) plane was also observed in the CNTs@LCMS
omposite (Fig. 1f), despite enlarged spacing of 0.68 nm,  possibly

Fig. 2. (a) HAADF-STEM images of CNTs@LCMS; (b–e) EDX elemen
nce 392 (2017) 297–304 299

due to the undulated surface of MoS2 nanosheets and expansion
of coaxial structure [26,32]. Accordingly, LCMS nanosheet compos-
ited of MoS2 layers mixed with amorphous MoS3 and its composite
(CNTs@LCMS) are successfully obtained.

The chemical compositions of CNTs@LCMS were examined by
energy dispersive X-ray spectroscopy (EDX). The EDX spectrum
exhibits the presence of C, S and Mo  in the CNTs@LCMS composite.
Fig. 2 shows the HAADF-STEM image of the CNTs@LCMS composite
and corresponding EDX elemental maps of C, S and Mo, confirming
the homogeneous distribution of Mo  and S over the entire carbon
nanotube. In addition, the inductively coupled plasma (ICP) anal-
ysis demonstrates that the S:Mo molar ratio of LCMS clusters is
estimated to be 2.75, confirming the existence of sulfur-rich phase
(MoS3).

The chemical states of Mo,  S, and C on the surface of LCMS
clusters and CNTs@LCMS were further investigated by X-ray pho-
toelectron spectroscopy (XPS). The high-resolution XPS spectrum
(Fig. S3) shows that the obvious C1s peak of CNTs@LCMS is at
284.6 eV, assigned to a sp2 hybridized carbon atom of CNTs, while
the C 1s peak of LCMS clusters is quite weak, arising from the
inevitable carbon contamination [33]. The high-resolution Mo  3d
XPS spectra of LCMS clusters and CNTs@LCMS were deconvoluted,
as shown in Fig. 3. The peaks at ∼229 eV (3 d5/2) and ∼232 eV (3
d3/2) can be assigned to the existence of Mo  (IV) in MoS2, consis-
tent with literature. More importantly, a pair of peaks at ∼230 eV
and ∼233 eV is present, which is normally attributed to Mo  (VI) in
amorphous MoS3 [26,31]. A small peak at ∼236 eV implies slight
oxidation of LCMS on the surface formed during the process of
preparation and exposure to air. As for the S 2p spectrum, it can
be interpreted into two doublets for apical S2− or bridging disul-
fide S2

2− ligands, which are similar to those of amorphous MoS3
[34,35]. In addition, the thermal decomposition of (NH4)2MoS4
refers to the reduction of S2− ligands of the MoS4

2− anion and the
oxidation of molybdenum metal from Mo4+ to Mo6+ [36]. Thus, it
is proposed that amorphous MoS3 was  formed in both LCMS clus-
ter and CNTs@LCMS, due to the uncompleted redox caused by low
temperature.

The as-prepared samples were then assembled into Li half-
present the galvanostatic discharge–charge (GDC) voltage profiles
of the LCMS clusters and CNTs@LCMS in the potential window of
0.001–3 V at a current density of 100 mA  g−1, respectively. Upon

tal mappings of CNTs@LCMS for C, S, and Mo,  respectively.
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Fig. 3. XPS spectra of LCMS clusters (a, b) and CNTs@LCMS (c, d) for Mo  and S element.

i
t
∼
c
L
i
a
s
r
t
i
8
C
t
r
H
i
i
i
w
c
o
c
e
c
l
C
i
e
a

d
2
o
s
2

nitial discharge, a slope profile occurs at 1.6–1.1 V, involving a mul-
iple lithiation process of the LCMS. An apparent voltage plateau at
0.6 V is diminished in the subsequent was usually assigned to the

onversion process of LixMoS2 to Mo  nanocrystals embedded in a
i2S matrix [19,37,38]. The charge profile shows plateaus at approx-
mately 1.85 V and 2.3 V, which are due to the formation of Mo6+

nd the oxidation of Li2S [19,26]. The initial discharge and charge
pecific capacities of LCMS clusters are 1236 and 964 mA  h g−1,
espectively, leading to a Coulombic efficiency (CE) of 78%. When
he LCMS are immobilized onto CNTs, the CNTs@LCMS compos-
te exhibits discharge and charge specific capacities of 1180 and
20 mA  h g−1, with a Coulombic efficiency of 70% in the first cycle.
ompositing with carbon nanotubes would partly sacrifice the high
heoretical capacity of LCMS and enhance the formation of SEI film,
esulting in lower initial capacity and Coulombic efficiency (CE).
owever, it is interesting that the specific capacity of CNTs@LCMS

ncreases continually from 820 mA  h g−1 to 1350 mA  h g−1 dur-
ng 100 cycles, while LCMS exhibits an increasing capacity just
n the first several cycles and capacity fading thereafter. Mean-

hile, the specific capacity of CNTs@MoS2 decreases normally upon
ycling (Fig. 4c). Apparently, the unique structure and component
f CNTs@LCMS leads to an obvious synergistic effect. Large volume
hange occurs in the aggregated LCMS clusters, which will cause
lectrical disconnection to current collectors. In this case, LCMS
lusters could not remain continuous increase in capacity during
ong time cycling even in the similar electrochemical process with
NTs@LCMS. Thus, the CNTs matrix with high electric conductiv-

ty not only relief the volume change of LCMS, but synergistically
nhance the novel electrochemical process of LCMS, leading to an
scending capacity upon cycling.

Even at 1 A g−1 (Fig. 4d), the specific capacity of CNTs@LCMS
emonstrates the ascending trend to 720 mA  h g−1 in the first
10 cycles and retains at ∼600 mA  h g−1 after 400 cycles. More-

ver, upon gradually elevating the current density, CNTs@LCMS
till delivers a high specific capacity of 530 mA h g−1 even at

 A g−1, while the MoS2 clusters and CNTs@MoS2 can only deliver
decreasing capacity of 50 mA h g−1 and 440 mA  h g−1 at the 1 A g−1,
respectively (Fig. 4e). Upon decreasing the current density back to
0.1 A g−1, the capacities of the CNTs@LCMS tend to surpass the ini-
tial capacity every time, indicating good recovery and ascending
trend in capacity.

To reveal the electrochemistry essence of this ascending trend
in capacity, cyclic voltammetry (CV) of the LCMS clusters and
CNTs@LCMS were collected at a slow scan rate of 0.05 mV  s−1 in a
potential window of 0.01–3.00 V vs. Li+/Li, as shown in Fig. 5. During
the initial discharge process, two cathodic peaks present the step-
wise Li intercalation into LCMS followed by the conversion reaction
of MoS2 to Mo  and Li2S (Fig. 5a). In the first anodic process, three
anodic peaks appear at ∼1.5 V, ∼1.85 V and ∼2.3 V, respectively.
The small anodic peak at 1.5 V is due to the oxidations from Mo
to Mo4+ or Mo  ions with a higher valence (eg. Mo6+) [19,26]. And
the pronounced peaks at ∼1.85 V and ∼2.3 V are associated with
the electrochemical behavior of Mo  and sulfur element deriving
from amorphous MoS3 [17]. The CV performance of CNTs@LCMS
(Fig. 5b) also exhibits similar electrochemical reaction to LCMS clus-
ters but extra sloped profiles at <0.3 V ascribed to the reversible
lithiation/delithiation of CNTs [17,26,27].

In the subsequent CVs, the two pairs of peaks related to MoS3
are still well-defined, indicating a reversible electrochemical pro-
cess of amorphous MoS3 for lithium storage. And a single anodic
peak at ∼1.5 V becomes waning, indicating the continuous con-
sumption of unoxidized Mo  to high-valence Mo ions. It is notable
that the CV results of LCMS-based anodes present no cathodic peak
at ∼1.85 V corresponding to the reaction of Li and S8 (Fig. 5), while
this peak usually dominates the subsequent electrochemistry of
typical MoS2 anode [26,30,31]. It is clear that the amorphous MoS3
around layered MoS2 affect the electrochemical performance of
LCMS for lithium storage. It is reported that Mo6+ has ability to
bind surrounding polysulfides due to its higher affinity for sulfur-

containing molecules [32]. In this case, the oxidized sulfur element
tends to mergers into new-formed MoS3 rather than exists in form
of polysulfur, resulting in the missing reaction peak of Li and S8.
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Fig. 4. Galvanostatic discharge-charge voltage profiles of LCMS clusters (a) and CNTs@LCMS (b) at a current density of 100 mA g−1; (c) comparative cycling performance of
LCMS  clusters, CNTs@LCMS and CNT@MoS2 at a current density of 100 mA g−1; (d) long-life cycling performance of CNTs@LCMS at 1 A g−1; and (e) rate performance of LCMS
clusters,  CNTs@LCMS and CNT@MoS2 at different current densities.
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Fig. 5. Representative CV curve of LCMS clusters (a) and CN

eanwhile, the new-formed MoS3 enhance electrochemical uti-
ization of Mo  and sulfur, resulting in gradually increased anodic
eak at ∼1.85 V and ∼2.3 V.

The electrochemical reactions of MoS2 and MoS3 could be

escribed as follows:

i+ + MoS2 → Mo  + Li2S (I)

i+ + MoS3 ↔ LixMoS3 ↔ Mo  + Li2S (II)
Voltage (V) vs. Li /Li

MS (b) for the first five cycles at a scan rate of 0.05 mV s−1.

According to Reaction (I), the lithiation of MoS2 involves in
the generation of Li2S (Lithium-sulfur reaction) and depends
on the degree of reaction, thus its theoretical capacity is
667–1675 mA h g−1 [11]. The practical capacity of MoS2/C was

−1
reported up to be 1300 mA h g [11]. In Reaction (II), the MoS3
is sulfur-rich material which leads to more and deeper lithium-
sulfur reaction, thus the theoretical capacity should be much closer
to 1675 mA h g−1. On the other hand, the S:Mo molar ratio of 2.75
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n  Fig. 4d; (b) Prediction of the circulation lives for lithium-ion batteries with and

ithout ascending trend.

onfirmed by ICP analysis could predict the content of MoS3 in
CMS is about 75%, resulting in a high capacity of 1350 mA  h g−1.

For the hollow or porous materials which are difficult to be infil-
rated by electrolyte or Li-ion, the capacities sometimes show a
hort-time ascending trend in the early charge/discharge process,
sually called active process. And several kinds of active materi-
ls would present increasing capacities after tens of cycles at high
urrent density. In our case, the capacity of CNTs@LCMS anode
emonstrates a regular ascending trend during long-time cycles.
nd the ascending trend in capacity during cycling occurs in dupli-
able tests, as shown in Fig. S4. Especially the capacities at different
urrent density still keep increasing and tend to surpass the initial
apacity every time decreasing the current density back to smaller
ne.

Therefore, the evident ascending trend at various current den-
ities upon cycling is attributed to the unique electrochemistry of
NTs@LCMS, distinguished from normal active process or other cir-
umstances. Upon discharging, amorphous MoS3 demonstrated a
eversible lithiation/delithiatin process, while the MoS2 existed in
CMS was intercalated by Li and transformed into Mo  nanoparti-
les and Li2S, as shown in Scheme 1. Generally, these Li2S generated
uring the initial discharge process just can be partly oxidized to
8 due to the diffusion loss of soluble polysulfides into electrolyte
pon charging (Scheme 1a), which usually deteriorate the capacity
nd cyclability of MoS2, such as CNT@MoS2 in Fig. 4c, d [11]. While
n LCMS system (Scheme 1b), LixMoS3 and Mo6+ own high affin-
ty for sulfur-containing molecules, which tend to adsorb or bind
urrounding polysulfides, accelerating redox reactions of polysul-
hides and Mo6+ for new-formed MoS3, thus leads to low diffusion

oss of soluble polysulfides [11,26,39]. On the whole, with the merg-
ng of electrochemically unstable S decomposed from MoS2 into
ew-formed MoS3 upon charging, LCMS exhibits stabilized and
nhanced electrochemical utilization of sulfur compared to typi-
al MoS2. In addition, CNTs with high electronic conductivity act
oth as a Li storage matrix and as a conductive backbone for well-
ispersed LCMS, resulting in improved kinetics for electron and

ithium ion transport, enhanced oxidation to Mo6+ and a mini-

ized strain of volume changes. The structure and morphology of

NTs@LCMS after cycling test were characterized by SEM (Fig. S5,
SI†), which is in accordance with the above analysis. The unique
lectrochemical process for lithium storage and well-dispersed
Scheme 1. Schematic illustration of lithiation/delithiation processes for typical
CNT@MoS2 (a) and CNTs@LCMS (b) anodes, in which NF-MoS3 means new-formed
MoS3.

LCMS on CNTs with high electric conductivity synergistically leads
to the long-lasting ascending capacity of CNTs@LCMS.

Electrochemical-impedance-spectroscopy (EIS) results show
that compared to LCMS clusters, CNTs@LCMS exhibit significantly
reduced charge-transfer resistances (Rct) before and after cycling
(Fig. S6). Therefore, the kinetic performance of CNTs@LCMS com-
posite is improved upon cycling, which is consistent with the above
analysis.

Moreover, due to the ascending trend in capacity, the charge
capacity of the CNTs@LCMS was  even the same as the initial
charge capacity after 400 cycles at current density of 1 A g−1

(Fig. 4d). Therefore, it could be deduced that the ascending per-
formance involving the unique electrochemical process can extend
the circulation life of lithium-ion batteries. To confirm this deduc-
tion, modeling calculation combined with experimental data was
employed for the quantitative analysis. Considering that the for-
mation and continuous thickening of the SEI film on the surface of
the anode materials, Eq. (1) is widely used in the capacity retention
modeling for the lithium ion batteries: [40,41]

F(t) = B exp(
−Ea
RT

)tz (1)

Where F(t) is the percentage of battery capacity retention; Ea is the
activation energy in J mol−1; R is the gas constant; T is the abso-
lute temperature in K; t is the cycling time; z is the power law
factor; and B is the pre-exponential factor. While in our work, the
new-formed MoS3 which causes ascending capacity should be con-
sidered as another factor. This factor obeys a monotone increasing
function which has the limit, as described in Eq. (2):
G(t) = Aexp(ht) + C (2)

In which A, h and C are fitted constants. Thus, based on the cor-
rection of the Eqs. (1) and (2) combined with fitting process of the
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xperimental data (Fig. 6a), a new capacity retention model can be
resented as follows:

ret(t) = B exp(
−Ea
RT

)tz + k(t){Aexp(ht) + C} (3)

Finally the new model is employed to predict the circulation
ife for our lithium ion batteries, shown as Fig. 6b. End of life is
sually defined as when the battery reaches 80% of its initial capac-

ty [4]. According to the mathematical modeling, the circulation
ives of LIBs with and without ascending process are predicted
o be roughly 1000 and 500 cycles at current density of 1 A g−1,
espectively. These results demonstrate that the phenomenon of
scending capacity caused by this novel electrochemical process
an effectively extend the circulation life of lithium-ion batteries.

. Conclusions

In summary, low-crystallinity Molybdenum sulfide (LCMS,
o:S=1:2.75) have been successfully developed by a facile and

ost-effective low-temperature solvothermal method. Compared
o typical MoS2, LCMS demonstrated a novel electrochemical
rocess for lithium storage, which is dominated by reversible

ithiation/delithiation of MoS3, accompanying a persistent oxida-
ion of Mo  and merger of sulfur to produce new-formed MoS3.

hen the LCMS was dispersedly loaded on pristine CNTs, it exhib-
ted an evident ascending trend in capacity from 820 mA h g−1 to
350 mA  h g−1 at 100 mA  g−1 during 130 cycles. Even at the current
ensity of 1 A g−1, the CNTs@LCMS anode exhibits an ascending
apacity to 720 mA  h g−1 in the first 210 cycles. Combining with
odelling calculation and experimental data, the ascending per-

ormance of CNTs@LCMS is proved to effectively extend the battery
irculation life from 500 to 1000 cycles at 1 A g−1, indicating that
NTs@LCMS composite is a promising anode material for long-life

ithium-ion batteries.
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