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ABSTRACT

The low specific capacity and sluggish electrochemical reaction kinetics greatly block the development of sodium-ion batteries (SIBs).
New high-performance electrode materials will enhance development and are urgently required for SIBs. Herein, we report the
preparation of supersaturated bridge-sulfur and vanadium co-doped MoS; nanosheet arrays on carbon cloth (denoted as V-M0S;.«/CC).
The bridge-sulfur in MoS; has been created as a new active site for greater Na* storage. The vanadium doping increases the density of
carriers and facilitates accelerated electron transfer. The synergistic dual-doping effects endow the V-Mo0S,:,/CC anodes with high
sodium storage performance. The optimized V-Mo0S; 4/CC gives superhigh capacities of 370 and 214 mAh g* at 0.1 and 10 A g* within
0.4-3.0 V, respectively. After cycling 3000 times at 2 A g%, almost 83% of the reversible capacity is maintained. The findings indicate that
the electrochemical performances of metal sulfides can be further improved by edge-engineering and lattice-doping co-modification

concept.
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1 Introduction

Rechargeable sodium ion batteries (SIBs) as replacement
candidates for lithium ion batteries (LIBs) have been intensively
investigated in view of abundant sodium resource, high economic
benefits, and sodium-free dendrites [1-4]. However, owing to the
weaker binding to the substrate and larger radius of Na* compared
to Li*, commercial graphite for lithium-ion batteries exhibits
obvious thermodynamic and kinetic deficiencies for sodium
storage [5-7]. Therefore, exploiting new high-performance
electrode materials is pivotal in promoting practical application of
SIBs. In recent years, two-dimensional (2D) molybdenum disulfide
(MoS;) has been considered as a promising anode material for
SIBs due to its large interlayer distance (0.62 nm), weak van der
Waals forces and four electrons conversion reactions enabling
facile Na" insertion/extraction and contributing to a high
theoretical specific capacity (e.g. 670 mAh g?) [8-12].
Nevertheless, the conversion reaction below 0.4 V is usually
accompanied by non-negligible volume changes and the
dissolution of intermediate polysulfides, consequentially leading to
structure pulverization and rapid capacity decay [13,14]. Although
manipulating the cut-off voltage to guarantee the intercalation
reaction above 0.4 V is able to improve the cycling stability
[15-17], the loss of conversion reaction engenders a sacrifice of
theoretical capacity [18]. Thus, it is of great importance to promote
the specific capacity of intercalation-type MoS; -electrodes.

Furthermore, the poor intrinsic conductivity of thermodynamically
stable 2H-MoS; also impedes its fast-charging performance [8, 19].

To increase the specific capacity of intercalation-type MoS,,
great endeavors have been taken to engineer the MoS; into fewer
layers, decrease the size of nano-scale MoS; and expand its
interlayer distance [8, 9, 13, 15]. Despite the considerable progress
that has been achieved via the above methods, only a small amount
of attention has been paid to design and tune the atomic structure
of MoS;to enhance the practical specific capacity. Recently, some
groups demonstrated that the bridge sulfur in MoS; is the major
active site for the hydrogen evolution reaction (HER),
outperforming the terminal sulfur [20-22]. However, to our
knowledge, there have been no studies that utilize bridge sulfur to
modify MoS, for SIBs. Based on the understanding of the
mechanism of Na-S battery, we believe that the bridge sulfur could
possibly act in a similar way to Sg or polysulfides, which means
that the bridge sulfur can react with Na* to realize a reversible
conversion between bridge sulfur and sodium sulfide (Na,S)
[23-25]. Interestingly, the reduction reaction of S needs a higher
voltage than that to break the Mo-S bond during the initial
discharging process [13, 25]. Therefore, introducing bridge sulfur
is promising as a modifier to improve the capacity of MoS;
electrodes when cycling at above 0.4 V. On the other hand, to
optimize the electron transportation ability, the most common
protocol focuses on coupling the high-conductive carbon matrixes
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with MoS; [8,15]. Due to the existence of these carbon matrixes,
the conductivity of the as-prepared nanocomposites is improved,
but the intrinsic conductivity of MoS, is still untouched and
unsatisfactory, which hampers the electron transfer capability in
the plane and interlayer of MoS,. Recent studies have revealed that
element doping (e.g. Co, V) can effectively modulate the electronic
structure of metal sulfides, thereby controlling their conductive
behavior [26-28]. For example, Zhao et al. [27] found that pristine
MoS, semiconductor showed through theoretical calculations that
metallic characteristics with a bandgap of ~0 eV could be achieved
by doping with Co. Thus, adopting a doping approach to realize the
electronic structure engineering might be a promising strategy to
optimize the intrinsic conductivity of MoS,.

In this work, we have designed and prepared the supersaturated
bridge-sulfur and vanadium co-doped MoS, nanosheet arrays on
carbon cloth (labeled as V-M0S;:x/CC) via a one-step hydrothermal
method. The abundant bridge sulfur was successfully introduced
into MoS; due to the addition of excess sulfur source, serving as
active sites to receive Na* for providing extra specific capacity.
Moreover, the vanadium doping can effectively tune the electronic
structure and significantly improve the intrinsic conductivity of
MoS; without destroying its lamellar structure. Benefiting from the
synergistic effect between bridge-sulfur and vanadium doping, the
optimized V-Mo0S,.4/CC exhibits ultrahigh discharge capacities of
370 mAh gtat0.1 Ag?, and 214 mAh gtat 10 Ag?in the 0.4-3.0
V range. More impressively, a capacity of 207 mAh g (83%
retention) is sustained after 3000 cycles with a low capacity decay
of 0.005% per cycle at 2.0 Ag™.

2  Experimental

2.1 Synthesis of the V-doped MoSz+x on carbon cloth

Firstly, 0.5 g of (NH4)sM070,4-4H,0 and 0.058 g of NH,VO3; were
dissolved into 30 mL of deionized (DI) water. Then 1 mL of
NH;-H,O was dropped into the solution under stirring. Different
amounts of thioacetamide (TAA) from 0.2 to 1.5 g were added to
synthesize a series of V-Mo0S,.x/CC compositions. After vigorously
stirring for another 1.5 h, the uniform mixture was transferred to a
50 mL autoclave with a piece of carbon cloth (9 cm?, CeTech CO.,
LTD) and kept in an oven at 200 °C for 12 h. The final product was
obtained by rinsing, drying and subsequent annealing at 300 °C for
2 h under Ar flow to remove small organic molecules. As controls,
the pristine MoS, and MoS..x samples were prepared under the
similar conditions by adding proper TAA in the absence of
NH.VOs. The mass loading of active materials on the carbon cloth
is1.8~2mgcm?2

2.2 Characterization

X-ray powder diffractometer (XRD, Bruker D8 Advance with Cu
Ko radiation) was applied to characterize the crystal structure of
the products. Raman spectra were record on Laser Micro-Raman
Spectrometer. X-ray photoelectron spectroscopy (XPS) spectra
were investigated on PHI 5000 Versa Probe. The molar proportions
of the S in the samples were obtained using inductively coupled
plasma mass spectrometry (ICP-MS; Agilent, ICP-7500). The
electrical conductivities of the electrodes were measured using a
four-point probe (model RTS-8, Guangzhou 4 Probes Tech
Industrial Co., Ltd., Guangzhou, China). The morphology and
microstructure were characterized by field emission scanning
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electron microscope (FESEM, S-4800) and transmission electron
microscope (TEM, JEM-2100) with an X-ray energy dispersive
spectrometer (EDS).

2.3 Electrochemical Measurements

Electrochemical measurements were performed using coin-type
2032 cells. The samples were cut into disks and then directly used
as the working electrode. Pure sodium foil was employed as the
counter electrode, and glass fiber membrane (Whatman) was used
as the separator. 1 M NaClO, in ethylene carbonate (EC) and
diethyl carbonate (DEC) (1:1 in volume) with 5 wt%
fluoroethylene carbonate (FEC) was used as the electrolyte, which
was purchased from MJS energy technology. Cyclic voltammetry
(CV) tests from 0.4-3.0 V at various sweep rates and
electrochemical impedance spectra (EIS) over a frequency range
from 100 kHz to 0.01 Hz in a constant voltage mode were carried
out on an Autolab PGSTAT302N. Galvanostatic charge/discharge
behavior was measured by LAND CT2001A battery tester.

3 Results and discussion

Fig. 1 illustrates the designed concept of bridge-sulfur and doped V
dual-modified MoS; (V-Mo0S,:/CC) nanosheet arrays on carbon
cloth. Typically, during the hydrothermal process, thioacetamide
(TAA, CH3CSNH,) acts as reducing agent and sulfur source based
on the reaction of CH;CSNH; + 30H" — CH3COO™ + NH3 + S% +
H,O. The generated S* can further react with ammonium
molybdate tetrahydrate (AMT) in stoichiometric proportions to
form MoS;on the carbon cloth. When excessive TAA is added in
the reaction system, the supersaturated S-S bonds (bridge sulfur)
will be formed and further anchored on the surface of MoS;
(denoted as MoS,+/CC), which can be as a new active site to
storage more Na*. In addition, the V-doped MoS; can be obtained
via adding stoichiometric TAA and additional ammonium vanadate
(NH4VO3), with the aim to compensate for the sluggish charge
transfer kinetics of 2H-MoS,. Unfortunately, there is only a single
modification effect of MoS; in the aforementioned two composites,
so it is hard to realize comprehensive improvement of
electrochemical performances. Notably, the bridge-sulfur and
vanadium doping co-modified MoS; (V-Mo0S2,/CC) can be
synthesized by synchronously adding excess TAA and appropriate
NH4VOs, integrating the advantages of the above two architectures,
which will achieve high specific capacity and fast electrochemical
reaction kinetics. The detailed evidence and corresponding discuss-
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Figure 1 The preparation process and the corresponding sodium storage
mechanism of the MoS,./CC, the V-MoS,/CC and the V-MoS,./CC,

respectively.
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ion will be provided later. For comparison, pristine MoS, on the
carbon cloth (MoS,/CC) have been prepared under the similar
condition without adding NH,VOs.

Firstly, a series of samples with different bridge-sulfur
concentrations were prepared by changing the amount of TAA to
make optimal V-MoS;.x, which as shown by inductively coupled
mass spectrometry (ICP-MS) where shown to be samples of
composition  V-Mo0S,/CC,  V-Mo0S,3,/CC,  V-M0S;4/CC,
V-Mo0S,.45/CC, and V-Mo0S,.4:/CC. Simultaneously, the mass ratio
of V in the V-Mo08S;.40/CC is about 2.1%. Afterwards, the elemental
compositions and electronic states of the V-Mo0S.,/CC products
were investigated by X-ray photoelectron spectroscopy (XPS). As
seen in Fig. 2(a), the S 2p peaks from MoS,/CC to V-Mo0S;.41/CC
first shift toward lower position then move to higher position with
increasing X, suggesting that the conductivity firstly increases and
then decreases [29-31]. The phenomenon of low-energy shifts can
be ascribed to the anchoring of more electron-donating S atoms in
the structure of V-M0S:,/CC. Impressively, the V-MoS; 49 with the
highest S content delivers the lowest peak position, demonstrating
enhanced conductivity compared with other V-MoS,.x hybrids. In
addition, the results of deconvolved peaks indicate that the excess
sulfur exists in the form of bridge sulfur (S-S) instead of the S in
MoS,/CC [20, 21, 32]. The additional S-S bonds are expected to be
new electrochemical active sites for providing high sodium storage.
It is noteworthy that the bridge sulfur can be sustained even after
annealing at 300 °C, implying strong combination between S-S
bonds and MoS,. Furthermore, the peak shifts in the Mo 3d spectra
(Fig. 2(b)) also deliver an identical trend as the S 2p spectra,
implying V-MoS,49 has the highest carrier concentration. The
electrical conductivity is further quantified by four-point probe. As
shown in Fig. 2(c), the conductivities of MoS,/CC, V-MoS,/CC,
V-Mo0S;.3/CC, V-M0S;.49/CC, V-M0S;.45/CC and V-Mo0S;.41/CC are
13, 16, 21, 28, 12.6, and 11.3 S cm™, respectively, in accordance
with above XPS analyses. X-ray diffraction (XRD) was also
performed to uncover the impacts of S content and vanadium
doping on the crystal structures of the VV-MoSz.x. As shown in Fig.
2(d), all of the peaks are matched to the pure MoS; phase,
suggesting that vanadium element is doped in the crystal latticce

3

rather than forming a secondary phase. This fact is also confirmed
by the Raman spectrum of V-Mo0S;.4/CC (see Fig. S1 in the ESM),
where no characteristic peaks are related to the vibration modes of
V-S bonds (140, 190, 280 cm™) [33]. Noteworthily, the intensities
of (002) peaks in the VV-M0S,:,/CC strengthen gradually with the
increasing of TAA, indicating enhanced crystallinity [34,35],
which is detrimental to the formation of bridge sulfur and the
doping of vanadium. As a result, the sulfur content and
conductivity decrease after unduly increasing the amount of TAA.
It can also be demonstrated by the V 2p spectrum that generation
of pentavalent vanadium (Fig. 2(e)), which results from the
oxidation of unstable V** on the surface during the hydrothermal
process because the doping of V element in the lattice of MoS;
becomes more difficult. As a consequence, it has been verified that
the adding of the correct amounts of TAA and NH4VO; can
effectively tune the atomic structures of MoS; to create additional
bridge sulfurs and regulate the conductivity, which are favorable
for improving sodium storage performance.

The detailed morphology and microstructure information of the
optimized V-Mo0S;49/CC were further characterized. The SEM
analysis shown in Figs. 3(a)-3(b)) indicate that the carbon cloth is
covered by uniformly grown nanosheets with vertical orientation.
This can facilitate the penetration of electrolyte and the exposure of
active surface. Specially, the morphology of V-Mo0S; .49 is similar to
that of the pristine MoS; (see Fig. S2 in the ESM), demonstrating
that vanadium doping does not destroy the typical 2D structure of
MoS,. Furthermore, the high-magnification transmission electron
microscopy (TEM) image (Fig. 3(c)) demonstrates that the
nanosheet possesses an interlayer spacing of 0.64 nm, which is
indexed to the typical 2H-MoS,. The corresponding selected area
electron diffraction (SAED) analysis (the inset of Fig. 3(c)) also
certifies that the crystal phase of MoS; is present without other
detectable impurities, in agreement with the XRD result. As shown
in Figs. 3(d)-3(g), the TEM-EDS mapping of the V-Mo0S;.49
demonstrates uniform distribution of Mo, V and S elements,
supporting the homogeneous doping of V.

Motivated by the above structural and compositional design, the
sodium storage performances of all the samples were evaluated by
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Figure 2 (a) S 2p and (b) Mo 3d XPS spectra, (c) the electronic conductivity, (d) XRD patterns, and (e) V 2p XPS spectra of the MoS,/CC, the V-MoS,/CC, the
V-Mo0S;3,/CC, the V-M0S; 4/CC, the V-M0S,.4s/CC and the V-Mo0S; 4,/CC, respectively.
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Figure 3 (a-b) SEM images, (c) TEM image (inset showing the corresponding
SAED pattern), and (d-g) TEM-EDS mapping of Mo, V, and S elements of the
V-M0S,.4/CC.

directly using them as anodes to assemble the 2032 coin-type half
cells. As predicted, the V-Mo0S;.49/CC indeed delivers an optimal
electrochemical performance among all the V-MoS,.x/CC samples
(see Fig. S3 in the ESM) over the potential range of 0.4-3.0 V.
Interestingly, the sodium storage capacities were enhanced in order
of increasing S content, suggesting that bridge sulfur plays a
significant role in the regulation of the electrochemical properties.
To qualitatively reveal the effects of the bridge sulfur and
vanadium doping, cyclic voltammetry (CV) was carried out. As
displayed in Fig. 4(a), the V-Mo0S,4/CC delivers two distinct
cathodic peaks centered at about 2.1 and 1.1 V during the first
cathodic scan. The former is attributed to the reaction of bridge
sulfur with Na* to form Na,S, which is similar to the reaction in the
Na-S battery system [36,37]. The latter peak is generally accepted
as the intercalation of Na* into the MoS; interlayer to form the
intercalation compound NaxMoS; [14,38]. In particular, there is no
peak associated with the further transformation of NaxMoS,, which
avails the structure stability by preventing the irreversible
conversion reaction. The above results indicate that the bridge
sulfur can react with more Na* to contribute more capacity without
destroying  the intercalation-type reaction of  MoS,.
Correspondingly, the two anodic peaks located at 1.5 and 2.4 V
were detected during the first charge process, which belong to the
deintercalation of Na* and the oxidation from NaS to bridge sulfur,
respectively. It’s worth noting that the curves overlap well after the
first cycle, suggesting good reversibility. The ex situ XRD and
Raman characterizations of the V-M0S,.4¢/CC is also supplemented
to demonstrate the reaction mechanism in a narrowed potential
range of 0.4-3 V (Fig. S4 in the ESM). As shown in Fig. 4(b), the
CV profiles scanned at rates ranging from 0.2 to 1.0 mV s*
demonstrate that there are no significant variations in the peak
shape and position, verifying fast reaction kinetics and high
reversibility. In addition, the CV tests of the Mo0S,4/CC and
MoS,/CC without vanadium doping are also provided in Figs.
4(c)-4(d), respectively. One weak peak at 2.1 V can also be found
in the initial discharge process of the M0S;.4s, in accordance with
the V-Mo0S,4/CC. However, the Mo0S,4/CC delivers inferior
invertibility, demonstrating that vanadium doping can enhance
electrochemical activity of MoS, without changing its intrinsic
reaction mechanism. As for MoS,/CC, there is no visible cathodic
peak at 2.1 V in the first cycle, which indicates that only the interc-
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Figure 4 (a) The initial three CV curves and (b) the CV curves at 0.2-1.0 mV s*
of the V-M0S; 4/CC; (c-d) the initial three CV curves of the MoS,.4/CC and the
MoS,/CC, respectively.

alation reaction occurs.

Fig. 5(a) provides the initial charge/discharge curves of the
Mo0S,/CC, M0S,4/CC and V-M0S,4/CC at 0.1 A g'. The
V-Mo0S; 4/CC shows a superior reversible capacity of 439 mAh g
with the highest initial Coulombic efficiency of 82%, which
surpasses the pure MoS, (204 mAh g1, 62%) and Mo0S;4/CC (420
mAh g?, 71%). Moreover, the V-Mo0S,49 also shows decent rate
capabilities, particularly at high rates (Fig. 5(b)). It can be observed
that the capacity of V-Mo0S,.4s/CC exceeds that of the other samples
at the whole range of current density, demonstrating a promising
prospect as a high-performance anode for SIBs. Specifically, even
at 10 A g%, it can still obtain a specific capacity up to 214 mAh g,
When resetting the current density to 0.1 A g*, the capacity of
V-MO0S;.49/CC can be immediately restored. Fig. 5(c) shows the
electrochemical impedance spectra (EIS) after rate-performance
tests. The Nyquist plots of the V-Mo0S,4/CC present a much
smaller semicircle in the high-frequency region and an oblique line
in the low-frequency region, showing the lowest resistance,
enhanced charge transfer kinetics and sodium-ion diffusion, which
can be ascribed to the high conductivity derived from vanadium
doping. In addition, the impedance comparison of the
V-Mo0S;:,/CC samples also prove the improved conductivity of the
V-M0S,49/CC (see Fig. S5 in the ESM). The Kkinetics and
guantitative analysis are further employed based on typical CV
curves of the V-M0S,4/CC in Fig. 4(b) to verify
pseudocapacitance-dominated contribution. The relationship of
peak current (i) and scan rate (v) obeys the following power law: i
= a-v®, where a and b represent the adjustable parameters [39,40].
Diffusion-controlled processes and surface-controlled capacitive
behavior can be distinguished according to the calculated b values,
in which b values equivalent to 0.5 and 1.0 represent
diffusion-controlled process and surface-controlled capacitive
behavior respectively. As shown in Fig. S6a in the ESM, the b
values of three redox peaks are 1.0, 0.93 and 0.95, respectively,
manifesting that capacitive behavior dominates the electrochemical
process. The contributions of the capacity can be further quantified
by the equation of i = kyv+kov¥?, where kv and kov? correspond to
the current ratio from the capacitance- and diffusion-controlled
reactions, respectively. Upon increasing the scan rate, the ratio of
capacitive contribution becomes higher, and the capacitive
contribution can reach 87% at 1.0 mV s (Fig. 5(d) and Fig. S6b in
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V-M0S;.46/CC; (d) normalized capacity contribution ratio at 0.2-1.0 mV s and (e) cycle life at 2.0 A g™ of the V-M0S,.4/CC.

the ESM). Therefore, the ultrahigh capacity and intriguing rate
performance of the V-Mo0S,4/CC on the carbon cloth can be
mainly attributed to its ultralow resistance and ultrahigh
pseudocapacitance feature and vanadium doping. Intriguingly, the
V-Mo0S,.49/CC also achieves excellent cycling performance (Fig.
5(e)). The reversible capacity is kept at around 207 mAh g* (83%
retention) with almost 100 % Coulombic efficiency after 3000
cycles at 2 A g, which profits from the strong bridge sulfur S-S
bonds and intercalation-reaction mechanism. To the best of our
knowledge, the excellent rate capability of V-Mo0S,4/CC
outperforms most of the state-of-the-art electrodes based on
intercalation-type mechanism for SIBs (See Table S1 in the ESM).
In addition, the SEM images (see Fig. S7 in the ESM) after the
cycling test verify that the nanosheets are well retained, which is
also a reflection of excellent reversibility.

4 Conclusions

In summary, we demonstrate the synthesis of the supersaturated
bridge-sulfur and vanadium co-doped MoS, nanosheet arrays on
the carbon cloth (V-MoS,:./CC) for constructing high-performance
SIBs. The bridge-sulfur content can be controlled well by tuning
the concentration of thioacetamide used in the synthesis, which
works to facilitate new electrochemical active edges to offer extra
sodium storage capacity. The natural conductivity of MoS, can be
significantly enhanced resulting from the increase of electron
density  after  vanadium  doping. In  addition, a
pseudocapacitance-dominated reaction is clearly proved according
to the kinetic and quantitative analysis, accounting for fast reaction
kinetics. When used as an anode for SIBs, the optimized
V-Mo0S; 4/CC delivers a much higher capacity of 370 mAh g* at
0.1 A g? and 214 mAh g? at 10 A g* compared with the
intercalation-type MoS; electrodes in the voltage range 0.4-3.0 V.
More impressively, a durable cycling life of 3000 cycles can be
achieved with a capacity retention of 83% at 2 A g Such
edge-engineering and lattice-doping co-modification concept is a
promising strategy to push the development of other metal
sulfides-based electrode materials for high-performance SIBs.
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