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ABSTRACT

Sodium ion batteries (SIBs), as a promising candidate for lithium ion batteries (LIBs),
have attracted researchers’ great attention because of the abundant resources and low
cost. Looking for suitable anode materials is very essential for developing SIBs.
Layered metal sulfides (MS>) are considered as one of potential anode materials for
SIBs due to their structural stability and high theoretical capacity. However, low
conductivity, large volume expansion, and slow electrochemical kinetics cause in poor
cycling stability and bad rate performance, which severely limit its application as an
anode material for SIBs. Recently, numerous efficient strategies such as nanostructure
designing, electrolyte selecting, voltage range cutting off and combination of MS; with
carbon materials have been applied to enhance the electrochemical performance of such
anode materials for SIBs. The purposes are to effectively provide more actives sites for
Na" storage, shorten Na* diffusion path, enhance the conductivity, and buff the volume
expansion. Unfortunately, most of strategies are too complex to limit their applications
in the preparation of anode materials. Therefore, it is still full of challenges to find facile
method to prepare anode materials with excellent electrochemical performance for SIBs.
In this dissertation, simpler strategies for enhancing the electrochemical performances
of MoS;-based anode have been developed.

Firstly, to improve the conductivity and cycling stability, coral reef-like MoS,
microspheres (MoS>-MS) with 1T/2H phase are synthesized by a simple one-step

hydrothermal method. It is found that this material has disordered structure, rich defects



and large interlayer spacing. As it is used as the anode material for sodium ion batteries
(SIBs), a stable specific capacity of 467 mAh g'! at a current density of 100 mA g! after
100 cycles is delivered. Moreover, after 500-cycle test at 1 A g™!, a highly stable specific
capacity is still maintained at 412 mAh g’!. In addition, even at a high current density
of 20 A g’!, the MoS,-MS electrode delivers a specific capacity of 100 mAh g!. It is
considered that the 1T/2H phase MoS>-MS with the disordered structure can effectively
enhance the electrical conductivity for the rate performance improvement, and
furthermore, the rich defects provide more active sites for Na* storage and the large
interlayer spacing allows the rapid diffusion of the Na" ions.

Secondly, in order to further improve the electronic conductivity and sluggish
electrochemical kinetics and specific capacity of MoS;-based anode, vanadium is
combined into the framework of MoS; to form VMoS: (VMS>) through a facile one-
step hydrothermal method. Combined the experiment results with the density functional
theory calculations, it is found that V mediating not only significantly increases the
electronic conductivity due to metallic property but also decreases the energy barrier
(0.069 eV) of sodium ion transportation when compared with that of the pure MoS;
(0.12 eV), resulting in excellent electrochemical performance with rapid
electrochemical kinetics. Furthermore, the disordered structure with rich defects in the
VMS: could provide more active sites for Na" storage. As a result, when it is used as

the anode material of SIBs, a high specific capacity (548.1 mAh g™! at a current density
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of 100 mA g™') with excellent cycling stability (451.6 mAh g'! retaining after 800 cycles
at2 A g'!) and superb rate performance (207.4 mAh g! retained at 20 A g!) is achieved.

Finally, even though vanadium mediating can effectively promote the sluggish
electrochemical kinetics and electronic conductivity, the specific capacity is still low,
which cannot meet the demand of society. In order to achieve higher specific capacity,
a novel orderly layered VMoS, (OL-VMS) anode material is synthesized through a
facile hydrothermal self-assembly method followed by a heating treatment process. As
it is used as the anode material for the SIBs, the unique structure of OL-VMS not only
facilitates the rapid migration of sodium ions between the stacked layers but also
provides stable framework for the volume expansion during charging/discharging
process. In addition, vanadium mediating in the framework causes more defects to
produce more active sites for the sodium ion storage. As such, the OL-VMS based
anode exhibits high reversible capacities of 602.9 mAh g!' at 0.2 mA g! and 534 mAh
gl even after 190 cycles at 2 A g''. Furthermore, the OL-VMS based anode delivers a
high reversible capacity of 626.4 mAh g after 100 cycles at 2 A g'! in a voltage range
of 0.01-3 V. Particularly, even in the absence of conductive carbon, it still showed an
excellent specific capacity of 260 mAh g'@1 A g after 130-cycle in a 0.3-3 V voltage

range, which should be benefit for the cost reduction and energy density increase.
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CHAPTER 1 Introduction

1.1 General Introduction

With the continuous improvement of human awareness of environmental
protection and energy crisis, green energy with environmentally friendly, sustainable
and renewable has gradually entered people's vision [1-4]. Lithium ion batteries (LIBs),
as a commercialized green energy storage devices, have been widely used in various
fields, such as portable electronic devices, electronic vehicles and energy storage filed
due to advantages of good cycling stability, high specific capacity and renewability [5,
6]. However, the limited lithium resource and high price of lithium cannot meet the
increasing demand of society for batteries as shown in Table 1.1 [7]. In this case, the
most urgent thing is to find an alternative to LIBs to meet demand of market. Recently,
sodium ion batteries (SIBs) are considered as a promising candidate of LIBs owing to
the similar electrochemical performance, abundant sodium resource, and low price
(Table 1.1) [7-10]. Furthermore, as shown in Figure 1.1, the energy density of sodium
ion batteries is higher than that of commercial LiFePO4 based LIBs, which can be a
potential candidate of LIBs in large-scale energy storage field [11-12]. Unfortunately,
the anodes for LIBs are not suitable for SIBs due to larger ionic radius of Na" compared
with that of Li* (1.02 A vs 0.76 A, Table 1.1), which result in sluggish kinetics and large
volume expansion. Thus, it is significant and meritorious to develop anode with high

electrochemical performance for SIBs [13-15].



Table 1.1 Comparison of the physicochemical properties of lithium and sodium [7].
Property ® Lithium Sodium
Abundance (ppm) 20 23 600
Atomic mass (g mol™) 6.94 22.99
Ionic radius (nm) 0.076 0.102
Distribution 70% in South America Universally
Price, carbonate ($ per ton) ~5800 ~250-300
— 800 p—
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=
c
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© L1Co0,
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g 300
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Figure 1.1 Energy density comparison of SIBs with different commercial LIBs [11-12].

Recently, numerous researchers focus on carbon material, metal oxide, metal

sulfide, and alloy based anodes, which are considered as promising ones for SIBs [16-

23]. Among these anode materials, metal sulfide has attracted widespread attention due

to higher specific capacity and initial coulombic efficiency compared with carbon based

one, hig

her conductivity and faster conversion reaction compared with metal oxide
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based one, and smaller volume expansion and longer cycling stability compared with
alloy based one [24-26]. Especially, layered metal sulfide (MS,, M=Mo, V, W, Sn), as
a special kind of metal sulfide, has been widely studied as anode materials for SIBs
owing to large interlayer spacing, high theoretical capacity, and weak van der Waals
forces between interlayers [27-29]. For instance, MoS; possesses a large interlayer
spacing of 0.615 nm, which can provide more active sites for Na+ storage and facilitate
diffusion of Na* between interlayers. Even though layered metal sulfide exhibits several
merits mentioned above, the problems of low conductivity, sluggish electrochemical
kinetics and large volume expansion are still existed during charging/discharging
process, which cause short cycling life and low rate performance [4, 31].

To conquer the above problems, researchers have adopted numerous effective
strategies to improve the electrochemical performance of MS;-based anode. For
examples, Zhang et al. [32] synthesized MoS» nanobelts with 002 plane edges-enriched
flat surfaces as the anode material for SIBs, which possess more active sites for Na*
storage, short distance for Na* diffusion, and stable framework for volume change
during cycling. When it is used as anode for SIBs, it delivered specific capacities of
520 mA h g'! at a current density of 1 A g”' and 380 mA h g™! at a current density of 20
A gl after 100 cycles, respectively. Wang et al. [33] use the one-step solvothermal
method without additives to fabricate metallic WS> hollow microspheres as anode
material for SIBs. The hollow structure with expanded interlayer spacing and metallic
characteristic can improve Na' diffusion and electronic conductivity, resulting in

excellent cycling stability with 285 mA h g at 2 A g'! after 2000 cycle as well as superb



rate performance with 307.7 mA h g at 1 A g!. Furthermore, Li ef al. [34] fabricated
SnS>@C@rGO as anode material for SIBs, which shows a high reversible capacity of
721.9 mA h g! at a current density of 0.05 A g'! and superior rate performance with
3974 mA h g! at a current density of 2 A g'. Such excellent electrochemical
performance is attributed to carbon matrix and rGO shell, which can effectively not
only increase the conductivity but also buff the volume expansion during
charging/discharging process.

Herein, the main effective strategies achieving high electrochemical performance
for anode of SIBs, including the morphology design, structural engineering, doping or
combination with non-carbon materials, and carbon material modification, are
summarized. The above strategies can effectively enhance the electrochemical

performance, which are discussed in the following sections.

1.2 Strategies

1.2.1 Morphology design

In general, morphology design is one of effective way to solve the problems MS»
face and improve the electrochemical performance of MS:-based electrodes. The
specific morphology can produce more active sites for sodium ion storage, provide
short or smooth pathway for sodium ion diffusion, and sufficient distance to buff the
volume expansion during charging/discharging process, which can effectively enhance

the specific capacity, rate performance, and cycling stability.



Previous work published by P. Wang et al. [35] reported that a novel hierarchical
tubular MoS; was used as anode for SIBs, which was synthesized through a simple
hydrothermal method in the presence of tetramethylammonium bromide. As a result, a
high reversible capacity of 652.5 mAh g' was achieved for tubular MoS>-based
electrode at current density of 100 mA g™ after 50 cycles. Furthermore, tubular MoS-
based electrode also exhibits a good cycling stability with a capacity retention rate of
94.2% after 100 cycles at current density of 1 A g™!. Such excellent electrochemical
performance is ascribed to specific hierarchical structures formed by loosely stacked
nanosheets, which can provide smooth pathway to promote Na* diffusion, more active
sites for Na® storage, and stable framework to buff the volume expansion during
intercalation/deintercalation process of Na®. In addition, K. Yao et al. [36] synthesized
grain-like MoS; particulates through sulfurization process with high concentration of
sulfur vapor, which consist of MoS, nanoparticle and few layer MoS, nanosheets
coating on the surface. When it was used as anode for SIBs, it displayed a high specific
capacity of 324 mAh g! at current density of 500 mA g’!, and good cycling stability
with 175 mAh g! at current density of 2000 mA g! over 400 cycles. The good cycling
stability was attributed to unique grain-like MoS; structure, which promote dispersion
very well and provide enough space to buff the volume change during
charging/discharging process.

A three-dimensional hierarchical VS, spheres reported by J. Wang et al. [29] was
synthesized through a one-step hydrothermal method without additive, which was

formed by few-layered nanosheets. The VS, spheres, as anode for SIBs, delivered a



remarkable specific capacity of 720 mAh g™ at 0.2 A g after 100 cycles and excellent
cycling stability with specific capacity of 565 mAh g! at current density of 2 A g”! over
1000 cycle. The high specific capacity and good cycling stability were attributed to
three-dimensional hierarchical structure, which could promote electrolyte diffusion and
produce enough space for volume expansion during charging/discharging process.
Besides, R. Sun et al. [37] synthesized layer-by-layer VS, stacked nanosheets (VS.-
SNSs) using a simple one-step hydrothermal method with polyvinylpyrrolidone as
additive. As aresult, VS>-SNSs-based electrode exhibits a specific capacity of 250 mAh
g at current density of 0.2 A g”!, superb rate performance with 150 mAh g! at current
density of 20 A g!, and excellent cycling stability without capacity fading over 600
cycles at current density of 5 A g'!. The stacked nanosheets possessed large surface area
and stable structure, which could not provide more active sites for sodium ions storage
and large electrode-electrolyte contact area for charge transfer but also prevent volume
change during intercalation/deintercalation of Na®.

WS; hollow microspheres with large surface area were synthesized via a facile one-
step hydrothermal method without additives [33]. It was found that WS, hollow
microspheres, as anode for SIBs, possess a high specific capacity of 353.2 mAh g! at
current density of 0.2 A g™!, and a long cycling stability of 285 mAh g™! after 2000 cycles
at current density of 2 A g”'. The superior electrochemical performance was assigned to
the hollow structure consisted of nanosheets, which could shorten the pathway for Na*
diffusion and provide a large space for volume exchange during charging/discharging

process.



SnS», as a kind of anode for SIBs, has attracted extensive attention due to high
theoretical capacity from alloying reaction. At the same time, it also suffers large
volume expansion during charging/discharging process, which cause poor cycling
stability. SnS> nanosheet assemblies (SnS; NSA) were synthesized through
solvothermal reaction with N-methyl-2-pyrrolidone as solvent, which is conducive to
the formation of the nanostructure due to suitable surface energy [38]. Compare with
commercial SnS> nanopowders, SnS> NSA shows a higher specific capacity.
Furthermore, SnS; nanosheets assembled hierarchical tubular structures (SnS; NSC
HTSs) have been fabricated by J. Zhao et al. via template sacrifice method using cobalt-
nitrilotriacetic acid chelate nanowire as template [39]. When it is applied as anode
material for SIBs, SnS; NSC HTSs based electrode delivers a high specific capacity of
708 mAh g at current density of 50 mA g™!. After 50 cycles, a reversible capacity of
414 mAh g! was still maintained, which is higher than that of commercial SnS; powder,
demonstrating better electrochemical performance. The reasons of good performance
of SnS> NSCHTSs are attributed to following three factors: first, the tubular structure
can offer a continuous pathway for charge transport and buff the volume expansion;
second, SnS, nanosheet can shorten the Na* diffusion distance and increase the contact
area between electrode and electrolyte; third, the edges with large interspace exposed

on the unique hierarchical tubular structure could promote Na* intercalation.



1.2.2 Structural engineering

As for structural engineering, such as making defects, expanding interlayer
spacing, mixing 1T with 2H phases and designing plane, can provide more active sites
for sodium ion storage, increase the electronic conductivity, facilitate sodium ion
diffusion and so on, resulting in good electrochemical performance for MS> based
materials.

(1) Making defects

A unique architecture of bundled defect-rich MoS, (BD-MoS;) with large
vacancies has been synthesized through a simple quenching process [40]. According to
experimental results and DFT calculations, it is found that sodium ions can not only
diffuse along the interlayers, but also can transport through vacancies, causing 3D
diffusion with fast electrochemical kinetics. As a result, BD-MoS, based anode
exhibited a long cycling life with high reversible capacity of 350 mAh g'! at current
density of 2 A g’ after 1000 cycles and excellent rate performance with 262 mAh g! at
5A g Y. Liet al fabricated a hollow microcube framework constructed by Mo-defect-
rich ultrathin MoS; nanosheets (HMF-MoS;) via a zeolite-like-framework-engaged
strategy [41]. The hollow structured HMF-MoS» showed a high reversible capacity of
384 mAh g! at 100 mA g! after 100 cycles and impressive cycling stability with 267
mAh g' at 1 A g!. The results of experiments and DFT calculations revealed that
abundant Mo vacancies in MoS; can not only effectively facilitate the charge transfer
but also enhance the interaction between MoS: and sodium, improving capability of

Na+ storage. Furthermore, DFT calculations performed by G. Barik et al demonstrated
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that the vacancy in MoS; could improve the diffusion of Na" at the defective region and
specific capacity [42].
(2) Mixing 1T and 2H phases

Researchers want to improve the electrochemical performance of MoS>-based
anode by increasing the proportion of 1T phase in framework of MoS: due to its
metallic conductivity. D. Sun et al synthesized ultrathin 1T MoS: nanosheets through
thermal-driven Li-ion insertion assisted exfoliation [43]. The prepared 1T MoS», as
anode for SIBs, possesses a high specific capacity of 450 mAh g! at current density of
50 mA g and long cycling life with capacity retention of 94% at current density of 1
A g'lafter 200 cycles. J. Wu et al fabricated a dual-phase MoS, (DP-MoS>) via a simple
solvothermal method, which contains 1T phase and 2H phase [44]. When DP-MoS;
was used as anode for SIBs, a long cycling stability with a high specific capacity of 300
mAh g ! at current density of 0.5 A g”! after 200 cycles and outstanding rate performance
with 200 mAh g! at a current density of 5 A g! were achieved. Compared with 2H
MoS2, both of works revealed that 1T phase in MoS; could effectively enhance the
electronic conductivity and promote Na* diffusion by experimental results and DFT
calculations.
(3) Expanding interlayer spacing

Large interlayer spacing can store more sodium ion and provide ion migration
channels to accelerate Na™ diffusion. Numerous works focus on expanding interlayer
spacing to improve the specific capacity and rate performance of MoS>-based anode.

For instance, poly(ethylene oxide)-intercalated MoS, composites (PEO-MoS) have



been successfully synthesized by a simple exfoliation—restacking method to expand the
interlayer spacing of MoS» [45]. After PEO intercalation, the interlayer spacing of 1.1
and 1.4 nm corresponding to single PEO layer intercalation (PEO1.-MoS>) and double
PEO layers intercalation (PEO2L-MoSz) were observed, which were higher than that of
commercial MoS; (0.62 nm). As a result, PEO>.-MoS; based anode shows highest
specific capacity and rate performance. MoS, nanowires with an expanded interlayer
were synthesized by self-sacrificed template method when MoOs3 and a trace amount of
(NH4)6M07024*4H>O were used as template and initiator, respectively [46]. The
expanded interlayer spacing was 0.96 nm, which was due to intercalation of
methylamine produced by (NH4)sM07024°4H>0. As anode for SIBs, it exhibited a high
capacity of 200 mAh g at a current density of 0.1 A g!. Furthermore, Z. Gao et al
presented MoS: nanofibers consisted of nanosheets with expanded interlayer spacing
using polyvinyl pyrrolidone (PVP) as structure-directing agent [47]. It is found that the
interlayer spacing was increased from 0.615 nm to 0.62-1.14 nm. The expanded
interlayer spacing was attributed to the amorphous carbon between the interlayers,
which is produced by decomposition of PVP during calcination process. L, Jing et al
designed and fabricated a few-atomic-layered hollow nanospheres constructed from
alternate intercalation of carbon and MoS> monolayers through hydrothermal method
followed by heating treatment with in presence of hexadecyl trimethyl ammonium
bromide (CTAB) [48]. The CTAB and (NH4)>Mo0704 in distilled water will form
bilayer-micellar vesicles as soft template. After that, (NH4)Mo0704 was adsorbed on the
surfaces of these soft templates due to the high pressure followed by sulfurization to
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form MoS; monolayer covered on the CTAB templates. In condition of high pressure,
a new formed bilayer micelle could effectively prevent growth of MoS> along c-axis
direction, which result in that a layer of MoS> were formed on the surface of second-
layer micelle. Finally, alternately carbon layer intercalated MoS: hollow nanospheres
was obtained after calcination at 800 °C for 2 h, causing large interlayer spacing of 1.08
nm. When it was used as anode for SIBs, it could deliver a high specific capacity of
401 mAh g at a current density of 0.2 A g! and 262 mAh g! even at a high current
density of 2 A g'!. The excellent electrochemical performance of above samples were
attributed to the expanded interlayer spacing, which could improve the Na* diffusion
and storage capability.
(4) Designing plane

Designing plane was adopted to enhance the structural stability and promote Na*
transmission. In this case, MoS» nanobelts (NBs) with more exposed (002) plane edges
on their flat surfaces reported by Z. Zhang et al was successfully synthesized via in situ
sulfurization method using MoOs3; NBs as precursor [32]. Compared with conventional
MoS; nanosheets, the MoS, NBs possessed abundant active edge sites for Na+ storage,
short ions diffusion pathways for Na® transmission and structural stability during
intercalation/deintercalation processes. As a result, the MoS> NBs based electrode
delivered a stable high reversible capacity with 520 and 380 mAh g! at a current density
of 1 A g and 20 A g'! after 100 cycles, respectively. In addition, vertically oriented
MoS; on nitrogenous reduced graphene oxide sheets (VO-MoS»/N-RGO) was
presented by P. Li et al. [49] via a gel-precursor-based solvothermal method. The MoS»
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nanosheets with different length were prepared through controlling the heating rate. It
is found that the length of MoS, synthesized at heating rate of 10 °C min™ (VO-
MoS2/N-RGO-10) was 30 nm, which was shorter than those of VO-Mo0S2/N-RGO-30
(110nm prepared at heating rate of 30 °C min™') and VO-Mo0S2/N-RGO-50 (190 nm
prepared at heating rate of 50 °C min™'). As anode for SIBs, the VO-MoS»/N-RGO-10
based anode exhibited highest reversible capacity (255 mAh g at 0.2 A g'!) and most
outstanding rate performance (86 mAh g at 50 A g'!') compared with those of VO-
MoS2/N-RGO-30 and VO-MoS2/N-RGO-50 based ones. The excellent electrochemical
performance was attributed to the short MoS; nanosheets, which could and reliver the

deformation of the MoS; nanosheets and facilitate the diffusion of Na*.

1.2.3 Doping or combination with non-carbon materials

Commonly, doping or combination with non-carbon materials can be a classical
strategy for developing SIBs, which can expand the interlayer spacing, increase the
electronic conductivity, and/or enhance the structural stability, resulting in outstanding
electrochemical performance.

(1) Doping

In order to develop SIBs, doping or combination with non-carbon materials were
adopted to increase the electrochemical performance of MoS; based anodes. Mn-doped
MoS:> hollow nanotubes were synthesized via solvothermal method, which exhibited
better electrochemical performance compared with bulk MoS: [50]. After Mn doped

into framework of MoS,, the expanded interlayer spacing was observed which promote
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the diffusion of Na+, resulting in good performance. When used as anode for SIBs, a
high specific capacity of 441 mAh g! was achieved at a current density of 0.1 A g' and
a stable capacity of 160 mAh g! after 1000 cycles was maintained at a current density
of 1 A g'!. In addition, G. Jia et al replaced sulfur with selenium to form MoS>xSex
through calcination process with existence of selenium power in a mixed Ar-H:
atmosphere [51]. Y. Zhang et al also synthesized MoS>xSex by using selenizing
treatment process [52]. The above two works demonstrated that MoS2.xSex showed a
better electrochemical performance compared with MoS», which could be attributed to
expanded interlayer spacing, enhanced electronic conductivity and more defects after
selenium substitution.
(2) Combination with non-carbon materials

Recently, numerous researchers focused on combination with non-carbon
materials to enhance the electrochemical performance of MoS>-based anodes. For
instance, Bi12S3/MoS; heterogeneous with abundant phase boundaries was presented by
L. Cao et al through a facile solvothermal method followed by sulfurization treatment
[53]. Combination experimental results with DFT calculations, the abundant phase
boundaries could form the interior self-built-in electric-field, which could improve the
electrochemical kinetics and enhance the electronic conductivity. Furthermore, the
Bi/Na,S interface produced by conversion reaction was so stable due to the
homogeneously distributed phase boundaries, which could effectively boost the
reversible conversion/alloying reaction and prevent the agglomeration and
pulverization of electrode. As a result, an excellent rate performance and outstanding

13



cycling stability with 323.4 mAh g at a high current density of 10 A g™! after 1200
cycles were achieved when Bi2S3/MoS: heterogeneous was used as anode for SIBs. The
unique MoS,/SnS hollow superassemblies (HSs) was fabricated via covalent assembly
strategy using SnS nanodots as covalent linkages [54]. It was found that the covalent
assembly structure could enhance the electron transfer between the across-interlayers,
promote the Na* diffusion, and strengthen the structural stability based on experimental
characterization, DTF calculations, and mechanical simulations. Because of above
merits, MoS>/SnS HSs, as anode for SIBs, exhibited excellent electrochemical
performance, such as high initial specific capacity of 1182 mAh g at 0.1 A g!, long
cycling life with 634 mAh g at 5 A g'! after 100 cycles, and superb rate performance
with 745 mAh glat 10A gl.

W. Li et al synthesized the VS, microflowers coated by crystalline VOOH (c-
VS:@VOOH) through a simple one-step hydrothermal method as anode for SIBs [55].
As a result, c-VS,@VOOH based anode exhibited a long cycling life (330 mAh g at
0.2 A g after 150 cycles) and excellent rate performance (224 mAh g! at 1 A g).
Compared with VS, microflowers coated by amorphous VOOH (a-VS:@VOOH) and
pure VS2, c-VS2@VOOH possessed a better electrochemical performance, which were
owing to the crystalline VOOH coating, resulting in fast Na* diffusion and stable
structural stability.

W. Ryu et al presented a heterogeneous tungsten sulfide (WSx)/tungsten oxide
(WO3) core-shell nanofiber (NF) materials with vertically and randomly aligned thorn-
bush features via electrospinning and reducing method followed by heating treatment
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process in air [56]. As anode for SIBs, the obtained WSy/WO3; NFs based anode
exhibited a remarkable second specific capacity of 791 mAh g' at 0.1 A g!' and
outstanding cycling stability after 100-cycle compared with WO3 NFs and WSx NFs.
Such excellent electrochemical performance was attributed to the unique structure. The
WS2/WS3 hierarchical grown on randomly aligned thorns could provide abundant
storage sites for Na'. Furthermore, the WOj3 layer coated on surface of tungsten sulfide
could prevent the sulfur dissolution, resulting in excellent performance.

Hollow SnO/SnS, hybrids have been synthesized by a simple two-step
hydrothermal method [57]. Because of their unique structure, the obtained hollow
Sn02/SnS; hybrids delivered a high specific capacity of 485.64 mAh g! at a current
density of 300 mA g! after 100 cycles, which was approximately 25.9 % and 28.5 %

higher than those of bare SnO> and SnS;, respectively.

1.2.4 Combination with carbon materials

Owing to the problems of low conductivity and large volume expansion in a large
voltage range, MS>-based anodes suffer from agglomeration and pulverization during
charging/discharging process, causing short cycling life and poor rate performance. In
this case, carbon materials were selected to combine with MS: for enhancing the rate
performance and cycling stability, due to their high electronic conductivity and good
stability.

(1) MS2/carbon composite

15



MS,/carbon composite is a widely used strategy to improve the electrochemical
performance of the anode materials for SIBs. A 3D hierarchical microspheres
constructed by ultrathin MoS;-C nanosheets were synthesized by W. Zhang et al
through hydrothermal method using cellulose nanocrystals (CNCs) as carbon source
[58]. It was found that the ultrathin MoS»-C nanosheets could effectively decrease the
resistance between MoS: and carbon and buff the volume expansion during
intercalation of Na*. As anode for SIBs, a long cycling life with 298.5 mAh g! at 2 A
gl after 1000 cycles and excellent rate capability of 275 mAh g! at 8 A g! were
achieved. H. Lim et al synthesized nitrogen self-doped MoS,/carbon spheres (N-
MoS,/C) through a simple wet chemical-based synthesis method followed with
carbonization process, using thioacetamide, MoCls, and furfural as S, Mo, and C
sources [59]. The obtained N-MoS»/C delivered a high specific capacity of 649 mAh g’
Lat 0.1 C and excellent cycling stability of 78% retention maintained after 200 cycle. A
superior rate performance of 380 mAh g at 10 C was still achieved. The N-MoS»
incorporated with porous carbon possessed large surface area, which could increase the
electronic conductivity, enhance the mechanical properties, and improve the capability
of Na* storage. Hierarchically porous MoS>-C hollow rhomboids (MCHRs) were
synthesized by a simple self-templated solvothermal method, which exhibited
outstanding electrochemical performance compared with pure MoS», because of the
unique hollow architectures [60].

He’ group reported VS, hollow flower spheres and reduced graphene oxide
nanocomposites (VS> HFS/RGO), which was synthesized by a simple solvothermal
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method [61]. The RGO exhibited high electronic conductivity, large specific area, and
rich redox sites, which enhanced the conductivity of nanocomposites and caused high
contribution of capacitive. Compared with VS, HFS based electrode, VS, HFS/RGO
based electrode showed higher specific capacity (430 mAh g! at 0.1 A g!) and better
rate performance (143 mAh gl at2 A g!).
(2) Carbon supporting

Carbon supporting for MS> growth also can improve the electrochemical
performance remarkably. T. Wu et al presented MoS: nanoflakes embedded on
nitrogen-doping carbon nanotube (MoS2/N-CNT) fabricated through alternating and
hydrothermal approach using Mo metal as raw material [62]. As anode for SIBs, the
obtained MoS»/N-CNT electrode exhibited excellent electrochemical performance,
such as high reversible capacity (486 mAh g™ at 200 mA g! after 100 cycles), superior
rate performance (332 mAh g! at 10 A g'!), and long cycling stability (337 mAh g’!
with high retention of 83.6% after 800 cycles at 2 A g'!). Such excellent performance
was attributed to heteroatomic nitrogen doping which produce more active sites and ion
diffusion spaces in N-CNT and bonds of C-O-Mo, C-S-Mo and C-O-S formed between
MoS2 and N-CNT which can improve the structural stability and promote the electronic
transmission. MoS, sheet-like nanostructure grown on nitrogen-doped carbon
polyhedral to form hierarchical composite nanospheres (CP@MoS> nanospheres) was
designed and fabricated [63]. It was found that nitrogen doping could effectively
enhance the electrical conductivity, porous structure can significantly buff the volume
change during intercalation/deintercalation process, and the ultrathin MoS: nanosheets
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can increase the contact area of electrolyte/electrode and promote the electron and ion
transmission. As a result, a good rate capacity of 266 mAh g! at 2 A g'! was retained
and a reversible capacity of 337 mAh g! was maintained after 300 cycles at 0.5 A g

Carbon nanofiber substrate anchored by bowl-like VS, nanosheet arrays
(CNF@VS>) were successfully fabricated via a simple one-step solvothermal method
[64]. Due to the ultrathin thickness of bowl-like VS», metallic conductivity of VS, and
interconnected array architecture, ultrafast Na® transmission and without capacity
attenuation bellow 0.3 V were achieved. DFT calculations revealed that VS,/C interface
exhibited a lower diffusion energy barrier than that of VS,/VS; interface. Because of
above merits, CNF@VS; based electrode delivered a high reversible capacity of 659
mAh g! at 0.2 A g'!, outstanding cycling capacity of 345 mAh g! after 6000 cycles at
2 A g!, and superior rate capacity of 277 mAh g™! at a large current density of 20 A g
(3) Carbon coating

To prevent pulverization of MSz-based electrode, carbon coating is widely applied
in energy storage field. M. Hou et al fabricated a few-layered MoS: nanosheets spaced-
confined in N-doped hollow nanospheres with mesoporous carbon shells
(MoS2@NHCS) as anode for SIBs [65]. The specific capacity of MoS>@NHCS was
370 mAh g! at current density of 1 A g”'. Furthermore, at large current density of 2 A
gl reversible capacity of 351 mAh g with high retention of 94.9 % after 100 cycles
was still retained. They also measured the structure of MoS>@NHCS after cycling, the
hollow structure was still maintained after 200 cycles. Thus, the hollow mesoporous

carbon nanospheres can effectively keep the structural integrity and prevent the
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pulverization of electrode during charging/discharging process. In addition, the N-
doped carbon shell can enhance the conductivity and facilitate Na+ diffusion. A
sandwich structure of nitrogen-doped carbon@MoS>@polypyrrole (C@MoS>@PPy)
was designed and fabricated by using FeOOH@C as template [66]. When
C@MoS>@PPy was used as anode for SIBs, it delivered a high reversible capacity of
713 mAh g' at 0.1 A g! after 100 cycles and outstanding cyclin stability with stable
capacity of 2904 mAh g' at 5 A g! after 500 cycles, respectively. The excellent
electrochemical performance was owing to unique structure. The N-doped carbon layer
and PPy contacted with MoS: nanosheets through Mo-N bonds, which can effectively
buff the volume expansion and prevent the aggregation and pulverization during
charging/discharging process.

Few-layer SnS> nanosheets grown on nitrogen- and sulfur-doped carbon nanotube
(NS-CNT) with amorphous carbon coating to form the carbon/SnS>/NS-CNT was
designed and fabricated by Z. Liu et al through a hydrogel-embedding method [67]. It
was found that the N, S-doping could enhance the electronic conductivity of carbon-
sandwiched SnS> nanosheets. From the results of in operando small-angle X-ray
scattering and ex situ X-ray absorption, the obtained carbon-sandwiched SnS»
nanosheets exhibited higher reversible capacity due to this unique structure compared
with SnS, nanoparticles. As anode for SIBs, a high specific capacity of 471 mAh g at
50 mA g and superior rate capacity of 344 mAh g! at 2.5 A g! were achieved,
demonstrating excellent electrochemical performance. Y. Liu et al synthesized a series

of hollow carbon nanostructures confining SnS, ultrathin nanosheets, such as SnS,
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nanosheets confined in carbon nanotubes (SnS>@CNTs), SnS> nanosheets confined in
carbon nanoboxes (SnS:@CNBs), and SnS> nanosheets confined in carbon
nanospheres (SnS2@CNSs), through a multistep templating method [68]. The obtained
samples all showed an excellent electrochemical performance because of the merits of
unique structure. In detail, the thin carbon shell could not only enhance the electronic
conductivity, but also prevent the aggregation of SnS, nanosheets caused by large
volume expansion during charging/discharging process. Furthermore, fast Na®
diffusion was also achieved owing to the ultrathin SnS> nanosheets with large surface
area, resulting in dominant capacitive contribution.
(4) MS2/Carbon heterostructure

Recently, MS,/C heterostructure was designed and used to improve the
electrochemical performance of electrode for SIBs. Z. Li et al designed and constructed
a MoS,/C composite with an inter-overlapped hierarchical structure (MoS>-C@C) via
a bottom-up synthesis method [69]. The alternately stacked MoS, and carbon structure
resulted in expanded interlayer spacing of 1 nm, which was larger than those of
MoS:@C (0.68 nm) nanorod and m-MoS> (0.63 nm). Furthermore, the carbon layer in
heterostructure could keep the structural stability during intercalation/deintercalation
process and promote the electron transfer. As anode for SIBs, the obtained MoS>-C@C
showed a excellent electrochemical performance, such as high reversible capacity (590
mAh g at 0.1 A g! after 100 cycles), an outstanding cycling stability (312 mAh g™ at
2 A g'! after 1000 cycles), and superior rate performance (164 mAh g! at 20 A g! and
51 mAh g at 50 A g''). MoSa/amorphous carbon microtubes (MoS2/C MTs) composed
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of heterostructured MoS,/C nanosheets were synthesized by a facile template approach
[70]. The heterointerface of MoS,/C MTs can significantly stabilize the structure during
conversion reaction, promote the electron and Na* transmission, and buff the volume
expansion during intercalation of Na'. Consequently, a high reversible capacity of
563.5 mAh g' at 0.2 A g'!, a superior rate capacity of 401.3 mAh g at 10 A g’!, and
stable reversible capacity of 484.9 mAh g'! after 1500 cycles at 2 A g'! were achieved,
revealing excellent electrochemical performance.

Sandwich-like SnS>/graphene/SnS: (SnS2/rGO/SnS2) composite was synthesized
via a facile one-step hydrothermal method, in which the ultrathin SnS; nanosheets were
anchored on both sides of reduced graphene oxide through C-S boods [30]. It was found
that the interlayer spacing was ~0.803 nm after graphene inserting between SnS; sheets,
which could promote the Na diffusion. The graphene between SnS» sheets also
effectively  prevent  the  restacking of  SnS;  nanosheets  during
intercalation/deintercalation process. The DTF calculation remonstrated that the
interlayer spacing of sandwich-like structure is most stable. According to molecular
simulation and experimental results, this state exhibited highest diffusion coefficient of
Na', resulting in fast Na* transmission. When SnS»/rGO/SnS; was used as anode for
SIBs, it delivered a remarkable reversible capacity of 1133 mAh g! at 0.1 A g! after

100 cycles and superior rate capacity of 765 mAh g' at 10 A g'!.
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1.3 Objectives of this study

Owing to limited lithium resource, it is significant to develop an anode with high
performance for the commercialization of SIBs. Layered metal sulfides are considered
as a promising anode for SIBs due to their merits compared with others anode. As
mentioned above, in order to enhance the electrochemical performance of MS» based
anode, morphology design, structural engineering, doping or combination with non-
carbon materials, and carbon material modification are adopted, which can effectively
provide more active sites for Na* storage, promote the Na* diffusion, and enhance the
structural stability during charging/discharging process.

Unfortunately, even though above strategies are very effective, the synthesis
processes of most are so complex and consume too much energy. Therefore, it is urgent
to synthesize layered metal sulfides with a simple method. The main objective of this
research is to synthesize MS, based anode with high electrochemical performance

through a facile method.

1. 4 Contents of this dissertation

This dissertation contains six chapters.

Chapter 1: The effective strategies such as morphology design, structural
engineering, electrolyte selecting, doping or combination with non-carbon material and
combination with carbon material for enhancing electrochemical performance of

layered metal sulfide are comprehensively summarized and analyzed.
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Chapter 2: The information of used chemical reagents, characterization and testing
methods are introduced.

Chapter 3: Coral reef-like MoS, microspheres (MoS>-MS) with 1T/2H phase is
synthesized by a simple one-step hydrothermal method. Meanwhile, 2H phase MoS; is
obtained via heating MoS;-MS at 800 °C for 2h, which is named as MoS>-MS-800. The
morphology and structure of two samples are systematically characterized. Furthermore,
the electrochemical performances of MoS>-MS with 1T/2H phase and MoS>-MS-800
with 2H phase were evaluated and compared.

Chapter 4: Vanadium is combined into the framework of MoS; to form VMoS;
(VMS>) through a facile one-step hydrothermal method. To explore the impact of V
mediating, the electronic conductivity and electrochemical kinetics of VMS, and pure
MoS; are measured. In addition, the energy barrier of sodium ion transportation in
VMS; and pure MoS, are also calculated by density functional theory (DFT)
calculations.

Chapter 5: A novel orderly layered VMoS> (OL-VMS) anode material is
synthesized through a facile hydrothermal self-assembly method followed by a heating
treatment process. The formation mechanism of the orderly layered structure is
explored. Furthermore, electrochemical performances of OL-VMS at different voltage
range are conducted. Finally, the cycling stabilities of orderly layered structure and
flower-like structure are also measured and compared.

Chapter 6: General conclusions of this research, challenges and prospects for future

work are introduced.
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CHAPTER 2 Experimental

2.1 Reagent information

Table 2.1 Reagent information for experiment

Regents Grade Company

Sodium trifluoromethanesulfonate  98.0% Sigma-Aldrich

(NaCF3S03)

Diglyme (DGM) Anhydrous, Sigma-Aldrich
99.5%

Sodium molybdate dihydrate >99.0% Sigma-Aldrich

(NaMo00O4+2H>0)

Ammonium metavanadate >99.0% Sigma-Aldrich

Ammonia solution (NH3*H>0) 28.0-30.0% Wako

Sodium 99.9% Sigma-Aldrich

Carboxymethylcellulose sodium (CMC) High viscosity Sigma-Aldrich

1-Methyl-2-pyrrolidinone (NMP)
Polyvinylidene Fluoride (PVDF)

Super P

MTI Corp.
MTI Corp.

MTI Corp.

34



2.2 Characterizations

2.2.1 Scanning electron microscope (SEM)

Morphology of the sample was observed using a scanning electron microscope

(SU8010, Hitachi, Japan) at an operation voltage of 15.0 kV.

2.2.2 Energy dispersive spectrometer (EDS)

Elemental distribution analysis was carried out using a scanning electron
microscope (SU8010, Hitachi, Japan) at an operation voltage of 15.0 kV with an energy

dispersive spectrometer (EDS),

2.2.3 Transmission electron microscope (TEM)

The nanostructure was observed using a high-resolution transmission electron

microscope (TEM, JEM-2100F, JEOL, Japan) with an accelerating voltage of 200 kV.

2.2.4 X-ray diffractometer (XRD)

Crystalline structure was analyzed by an X-ray diffractometer (XRD, Smartlab

9kW, Rigaku, Japan) with CuKa (A=1.5418 A) as the radiation source.

2.2.5 X-ray photoelectron spectrometer (XPS)

The elemental compositions and chemical valence states were determined by an
X-ray photoelectron spectrometer (XPS) (VG ESCALAB 250, Thermo Electron, UK)

using an Al Ka X-ray source (1486 eV).
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2.2.6 Raman

Raman spectra were collected with a Renishaw inVia Raman spectrometer using

an excitation wavelength of 532 nm.

2.3 Electrochemical measurement

Charge/discharge measurements were carried out at various current densities over
a voltage range of 0.3-3 V using a battery test system (LAND CT2001A model, Wuhan
LAND Electronic. Ltd). Cyclic voltammographs (CVs) were recorded on an
electrochemistry workstation at a scan rate of 0.1 mV s™!. Electrochemical impedance

spectra (EIS) were collected over a frequency range of 0.01 Hz-100 kHz.
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CHAPTER 3 Coral reef-like microspheres with 1T/2T phase

as high performance anode material for sodium ion batteries

3.1 Introduction

Sodium ion batteries (SIBs), which could replace lithium ion batteries (LIBs) in
the future, have drawn increasing attention due to their similar electrochemical
performances as LIBs, and low price and abundance of sodium element[1-4]. However,
the anode materials of LIBs cannot be used directly as those for SIBs because of the
larger radius of Na' than that of Li'[5, 6]. Thus, it is necessary to seek more suitable
anode materials for the SIBs. Recently, many researchers focused on the two-
dimensional (2D) transition layered metal dichalcogenides (TMDs) such as MoS»[7],
VS,[8], SnS2[9] and WS;[10] with the weak van der Waals force between the layers
since their structures are benefit for the Na* ion intercalation. Among these materials,
the low cost MoS; with the large interlayer spacing has a high theoretical capacity (670
mAh g') so that it has attracted wide attention as the anode for SIBs[11-13].
Unfortunately, pure MoS: has poor electronic conductivity and sluggish kinetics during
the process of Na' ion diffusion, which greatly limit the cycling stability and rate
performance of the SIBs[14-16].

In order to solve these issues, various efficient strategies have been taken to
improve the electrochemical performance of MoS»-based anode. As a general strategy,
nanostructure designs such as morphology changing, hollow structuring, interlayer

space expanding, and nanosizing are extensively applied for enhancing the
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electrochemical performance by providing more actives sites and shortening ion
diffusion path[17-22]. For instances, Zhang et al. reported that MoS, nanoblets with
rich 002 plane edges exhibited specific capacities in the range of 520-540 mAh g'! even
after 100 cycles at a current density of 1 A g'[20]. Meanwhile, combination of MoS
with the conductive materials to increase the conductivity and to form stable structure
for the minimization of the volume expansion effect has also been proposed to enhance
the performance of MoS»-based anodes [7, 23-28]. Jing et al. synthesized few-atomic-
layered MoS: hollow nanosphere with expanded interlayer spacing, and found that it
delivered a stable capacity of 320 mAh g™ over 350 cycles at a current density of 1 A
g![7]. However, although the above strategies resulted in advantages to improve the
anode performance, the fabrication methods were complex and always needed high
temperature calcination. Thus, it is necessary to develop facile ways to obtain high-
performance MoS:-based anode materials.

In this work, coral reef-like MoS> microspheres (MoS>-MS) with 1T/2H phase
was synthesized by a simple one-step hydrothermal method and used as the anode
material for SIBs. Since it had disordered structure with rich defects and large interlayer
spacing, the obtained MoS>-MS-based anode showed high electrochemical
performance with a stable specific capacity of 467 mAh g! at a current density of 100
mA g! even after 100-cycle testing. Moreover, it also exhibited good cycling stability
and excellent rate performance. After 500-cycle testing at 1 A g’!, the specific capacity
still stably maintained at 412 mAh g'!. In addition, even at a high current density of 20
A g, the MoS,-MS-based anode delivered a specific capacity of 100 mAh g!. It is
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confirmed that the disordered structure with 1T/2H phase could enhance the electrical
conductivity to improve the rate performance, the rich defects provide more active sites
for Na" storage, and the large interlayer spacing allow rapid diffusion of the Na* ions

when the obtained MoS,-MS was used as the anode material for SIBs.

3.2 Experimental

3.2.1 Synthesis of M0S2-MS and MoS2-MS-800

MoS>-MS was synthesized through a hydrothermal method. Firstly, 1.5 mmol of
Na;MoO4*H>0 was dissolved in the mixture of 30 ml of distilled water and 2 ml of
ammonia solution. Then, 12 mmol of C;HsNS (TAA) was added into the above solution
with ultrasonic treatment. Thereafter, the solution was transferred to a 50 ml Teflon-
lined sealed autoclave and heated at 220 °C for 24 h. The obtained product was collected
by centrifugation and washed several times using distilled water and ethanol
successively. Finally, the products were dried at 80 °C in a vacuum oven for 12 h. For
comparison, MoS>-MS-800 was obtained by calcining the MoS2-MS at 800 °C for 2 h
under an Argon gas flow.

3.2.2 Materials characterizations

Morphology of the sample was observed using a scanning electron microscope
(SU8010, Hitachi, Japan) at an operation voltage of 15.0 kV and the nanostructure was
detected using a high-resolution transmission electron microscope (TEM, JEM-2100F,
JEOL, Japan) with an accelerating voltage of 200 kV. X-ray diffraction (XRD) pattern
was obtained on an X-ray diffractometer (Smartlab 9 kW, Rigaku, Japan) with CuKa
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(A=1.5418 A) as the radiation source. The elemental composition and valence states
were determined by an X-ray photoelectron spectrometer (XPS) (VG ESCALAB 250,
Thermo Electron, UK) using an Al Ka X-ray source (1486 eV). Raman spectrum was
collected with a Renishaw inVia Raman spectrometer using an excitation wavelength
of 633 nm.
3.2.3 Electrochemical measurements

Electrochemical properties of MoS>-MS and MoS>-MS-800 as the anode material
for SIBs were evaluated by a galvanostatic charging/discharging method. Before testing,
the active material was dried under vacuum at 80 °C over 12 h. For the preparation of
the working electrode, 80 wt% of active material, 10 wt% of conductive carbon black
and 10 wt% of sodium carboxymethylcellulose (CMC) were dissolved and mixed in
deionized water at first. The obtained slurry was pasted onto a copper foil (CF) and
dried in a vacuum oven at 80 °C overnight. The loading amount of active material on
the CF was ~0.9 mg cm™. Sodium metal and glass fiber were used as the counter
electrode and the separator, respectively, and the electrolyte was 1 M sodium
trifluomethanesulfonate (NaSO3CF3) in diglyme (DGM). The cell was assembled in an
argon-filled glove box. Charging/discharging measurements were carried out at various
current densities over a voltage range of 0.3-3 V using a battery test system (LAND
CT2001A model, Wuhan LAND Electronic. Ltd). Cyclic voltammographs (CVs) were
recorded on an electrochemistry workstation at a scan rate of 0.1 mV s
Electrochemical impedance spectra (EIS) were collected over a frequency range of 0.01
Hz-100 kHz.
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3.3 Results and discussion

3.3.1 Characterization of MoS2-MS and MoS2-MS-800

Figures. 3.1a-c displays the SEM images of MoS>-MS. One can see that the
obtained MoS,-MS had coral reef-like sphere shape with the nanosheet structure in it.
Meanwhile, after the calcination, as shown in Figures. 3.2a-c, the obtained MoS>-MS-
800 remained unchanged particle shape when compared with that of MoS>-MS. Figure
3.1d shows the energy disperse spectroscopic (EDS) elemental mapping of MoS>-MS,
which demonstrated the existence of Mo and S elements. The nanostructures of MoS;-
MS and MoS,-MS-800 were further analyzed by TEM as shown in Figures 3.1e-1 and
Figure 3.2d-g. Obviously, the interlayer spacings corresponding to (002) plane of
MoS>-MS (either 0.65 or 0.64 nm, Figures 3.1e and h) were larger than that of MoS»-
MS-800 (0.615 nm, Figure 3.2e). The lager interlayer spacing may be caused by the
insertion of NH4" and Na' into the 002 plane of MoS, during the hydrothermal
process[29]. After calcination, the interlayer spacing of MoS;-MS-800 decrease to
0.615 nm, which can be ascribed to the arrangement of the crystal structure in MoS;-
MS-800[30]. Moreover, disordered structure with more defects were observed in MoS»-
MS (Figures 3.1h and 1) than that in MoS>-MS-800 (Figures 3.2e and f). Furthermore,
as shown in Figures 3.1f and i, the 1T and 2H phases were found to be co-existed in
MoS>-MS  with the more disordered structure whereas a uniform structure
corresponding to 2H phase (Figure 3.2g) was observed in MoS>-MS-800, indicating

that MoS2-MS-800 had a higher crystallinity than MoS>-MS.
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Figure 3.1 (a), (b) and (c) SEM morphologies of the MoS>-MS. (d) elemental mapping

images of MoS>-MS. (g) TEM image of MoS>-MS; (e), (f), (h) and (i) HRTEM images

of the MoS,-MS.
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Figure 3.2 (a), (b) and (c) SEM morphologies of the MoS>-MS-800. (d) TEM image of
MoS,-MS-800; (e), (f), and (g) HRTEM images of the MoS>-MS-800.

Figure 3.3a shows XRD patterns of MoS2-MS and MoS>-MS-800. The diffraction
peaks appeared at 14.32°, 33.83°, 39.43°, and 58.33° assigned to the (002), (100), (103)
and (110) planes of 2H phase of MoS, (JCPDS No. 37-1492) were obviously observed
for MoS,-MS-800. Especially, based on the main diffraction peak at 14.32° the
interlayer distance of MoS» was calculated to be 0.618 nm, which is in good agreement
with the HRTEM observation (Figure 3.2¢). In comparison, only two broad peaks at
32.5° and 56.4° appeared in the XRD pattern of MoS>-MS, indicating the much lower
crystallinity of MoS,-MS than MoS>-MS-800. This result is consistent with TEM

43



analysis results. Figure 3.3b shows the Raman spectra of the as-prepared MoS>-MS and
MoS>-MS-800. One can see that there were three peaks located at ~ 149, 224 and 345
cm’!, which are belonged to the Iy, J> and J5 peaks of 1T-phase MoS», respectively[31-
33]. In addition, another two peaks at ~ 373 and 403 cm™' correspond to the in-plane
Mo-S mode (E'2,) and out-plane Mo-S mode (Aig) modes of 2H-MoS,,
respectively[34]. The Raman results demonstrate that 1T and 2H phases co-exist in
structure of MoS>-MS, which is in good agreement with the HRTEM observation
(Figure 3.1f and i). After calcination, the peaks at ~ 149, 224 and 345 cm™! disappear
for MoS>-MS-800, indicating that 1-T phase existed in MoS>-MS was changed to 2-H

phase.
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Figure 3.3 (a) XRD patterns of MoS2-MS and MoS,-MS-800. (b) Raman spectra of
MoS,-MS and MoS>-MS-800. High-resolution XPS spectra of the (c) Mo 3d peak and

(d) S 2p peak in MoS>-MS.
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Figure 3.4 (a) XPS survey spectra of MoS>-MS and MoS>-MS-800. Comparison of
high-resolution XPS spectra of Mo 3d (b) and S 2p (¢).

Figure 3.4a shows XPS survey spectra of MoS>-MS-800 and MoS,-MS. The
survey spectra demonstrated the presence of Mo and S elements in both of them. Figure
3.3c displays the high-resolution XPS spectra of Mo 3d peak for MoS>-MS. Herein, the
two peaks located at 228.5 and 231.7 eV attributed to Mo** 3ds;» and Mo*" 3d3/2 of 1-T
phase[35, 36], respectively, which also confirmed the existence of 1-T phase in the
MoS,-MS. The result is also in good agreement with the HRTEM observation (Figure
3.1c). According to the XPS peak fitting, the concentration of 1-T phase in MoS>-MS
was 64.5 %. Meanwhile, two small peaks at 235.1 and 225.9 eV corresponding to Mo®*
and S 2s [37, 38] were also found (Figure 3.3¢). In addition, two peaks at 161.3 and

162.3 eV in the high-resolution XPS spectrum of S 2p were assigned to S 2p3/2 and S
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2p1/2, respectively[39]. Moreover, the Mo 3d and S 2p spectra of MoS>-MS and MoS»-
MS-800 are compared in Figure 3.4b and c. It is worth noting that the locations of the
Mo 3d and S 2p peaks of MoS,-MS shifted to higher binding energies after calcination,
which revealed that 1-T phase existed in MoS2-MS changed to 2-H phase after the
calcination[35, 36]. This result is also consistent with the HRTEM observations (Figure

3.1f and Figure 3.2g).

3.3.2 Electrochemical performance
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Figure 3.5 (a) Typical galvanostatic charging/discharging profiles for the the 1%, 2,
5t and 10™ cycles at a current density of 100 mA g™ for MoS>-MS and Mo0S>-MS-800
based anodes; (b) Typical CV curves of MoS>-MS based anode for the first 3 cycles at

a scanning rate of 0.1 mV s! in the voltage range of 0.3-3 V; and cycling performances
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of M0S>-MS and MoS,-MS-800-based anodes at current rates of (c) 100 mA g™! and (d)
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Figure 3.6 Typical CV curves of MoS>-MS-800-based anode for the first three cycles
at a scanning rate of 0.1 mV s! in the voltage range of 0.3-3 V.

Figure 3.5a shows typical galvanostatic charging/discharging profiles for the 1%,
2nd 5t and 10™ cycles at a current density of 100 mA g! in the voltage range of 0.3-3
V for MoS>-MS and MoS>-MS-800-based anodes. One can see that the discharge and
charge capacities of 498 and 438 mA h g' were delivered respectively with a
Coulombic efficiency up to 88.04% in the 1% cycle in the case of M0S,-MS-based anode
for the SIBs. Herein, the initial Coulombic efficiency belongs to a high value for the
metal sulfide as the anode for SIBs. The reason of high initial Coulombic efficiency is
that the SEI layer formed by ether-based electrolyte was stable and thin, which is benefit
for Na“ transport[40]. In contrast, for the M0S,-MS-800, the initial discharge and

charge capacities were only 193.5 and 174.2 mA h g’!, respectively, indicating that the
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large interlayer spacing of MoS>-MS should play an important role in the capacity of
MoS: as the anode material.

To investigate electrochemical reactions occurred in the charging/discharging
process, the cycle voltammograms (CVs) of MoS;-MS and MoS>-MS-800-based
anodes were collected at a scanning rate of 0.1 mV s™! in the voltage range of 0.3-3 V
(Figures 3.5b and 3.6). As shown in Figure 3.5b, three cathodic peaks at 1.6, 1.0, 0.3 V
were observed during the first discharging process. Herein, the peaks at 1.6 and 1.0 V
are assignable to the intercalation of Na* ions into the interlayers with the formation of
NaxMoS,, which can be described as the equation of MoS; + xNa — NaxMoS,[19,
41]. In the subsequent cycles (i.e., 2" and 3™ cycles), one can see that the sharp cathodic
peak intensity at 0.3 V gradually decreased, indicating that the solid electrolyte
interphase (SEI) layer was gradually forming during the discharging/charging process.
Remarkably, a broad oxidation peak appeared in the range of 1.5-2.5 V in the first
charging process, indicating the deintercalation of Na' ions from MoS,-MS.
Furthermore, it should be noted that the CV curves during the discharging/charging

cycles maintained the similar shape, indicating the good cycling stability of MoS2-MS.
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Figure 3.7 TEM images of (a) MoS>-MS and (d) MoS>-MS-800 before cycling; TEM

and HRTEM images of (b, ¢) MoS2-MS and (e, f) MoS>-MS-800 after 500 cycles at the
current density of 1 A g,

Figure 3.5c shows the cycling stability of MoS>-MS as the anode for SIBs at a
current density of 100 mA g'!. It is obvious that the specific capacity maintained at 467
mAh g! with a Coulombic efficiency of ~100% after 100 cycles, revealing the good
stability of MoS>-MS electrode. Furthermore, as shown in Figure 3.5d, at a larger
current density of 1 A g, the cycling stability of MoS>-MS anode with a specific
capacity of 412 mAh g and a Coulombic efficiency of ~100% was maintained until
500 cycles. In contrast, for the MoS2-MS-800, the specific discharging capacity was
much lower than those of MoS>-MS in the first several cycles at the current density of
100 mA g! (Figure 3.5¢c), but increased gradually during the following
discharging/charging cycles, and finally exceeded that of MoS,-MS after the 78" cycle.
Similarly, this phenomenon was observed at the current density of 1 A g'! (Figure 3.5d)
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for the MoS>-MS-800-based anode. It is possible that the interlayer spacing of MoS,-
MS-800 could be gradually enlarged during the discharging/charging cycling. Figure
3.7 e and f shows the morphology of MoS>-MS-800 after 500-cycle test at a current
density of 1 mA g!. It is clearly seen that the size of M0S>-MS-800 almost decreased
to 10 nm, indicating the pulverization of the MoS>-MS-800 material during the
discharging/charging process. Furthermore, the 002 plane almost disappeared with the
charge/discharge process, and large interlayer spacing of 1.17 nm was observed, which

is larger than that of the initial MoS>-MS-800 (0.615 nm).
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Figure 3.8 (a) Cycling performances of the MoS,-MS and MoS,-MS-800-based anodes

at a current rate of 2 A g’'; (b) Rate performances of MoS>-MS and MoS>-MS-800-
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based anodes. HRTEM images of (¢) MoS2-MS after 500 cycles at the current density
of IAg!.

Figure 3.8a shows cycling performances of the MoS>-MS and MoS;-MS-800-
based anodes at a current rate of 2 A g’!. One can see that MoS,-MS-based anode
delivered a stable capacity of 307 mAh g'! after 300 cycles, indicating good stability at
a larger current density. In contrast, for the MoS;-MS-800-based anode, only a specific
capacity of 111 mAh g was achieved after the 300" cycle. Figure 3.8b shows rate
performances of MoS>-MS and MoS>-MS-800-based anodes. One can see that the
MoS,-MS-based anode delivered well reversible specific capacities of 392, 368, 234,
317,288,237, and 179 mAh g! at the current densities of 0.1, 0.2,0.5, 1,2, 5, 10A g
I, respectively. Furthermore, even at a very high current density of 20 A g’!, a stable
reversible capacity of 100 mAh g™! was achieved. Especially, it is worth noting that
when the current density gradually returned back to 10, 5, 2,1, 0.5, and 0.2 Ag™!, the
reversible capacity also gradually recovered to 183, 242, 290, 315, 333, and 356 mAh
gl respectively. In contrast, the MoS2-MS-800-based anode showed a low rate
performance with the specific capacities of 182, 189, 189, 181, and 166 mAh g'! at the
current densities of 0.1, 0.2, 0.5, 1, and 2 A g’!, respectively. Especially, when the
current density was increased to 5 A g!, the capacity decreased to 0 mAh g!. Thus, the
MoS:-MS should be a stable anode materials for SIBs with a high performance. To
confirm the structure after cycling, the TEM and HRTEM after 500 cycles were
measured as shown in Figure 3.7. From the Figure 3.7 a-c, it can be seen that the
morphology of MoS2-MS has changed from microspheres to nanospheres after 500
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cycles. However, the 1T and 2H phases still could be observed as shown in Figure 3.8

¢, indicating that the mixed phase can be maintained after cycling.

3.3.3 Electrochemical Kkinetics
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Figure 3.9 (a) CV curves of MoS>-MS at different scan rates from 0.7 to 1.5 mV s, (b)
corresponding log i vs. log v plots of peaks 1, 2 and 3; (¢) capacitive contribution of
MoS>-MS in comparison to the total current at 1.5 mV s’!; (d) capacitive contribution

of Mo0S,-MS at different scan rate from 0.7 to 1.5 mV s..
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Figure 3.10 (a) CV curves of MoS>-MS-800 at different scan rates from 0.7 to 1.5 mV
s, (b) capacitive contribution of MoS,-MS-800 in comparison to the total current at
1.5 mV s7!; (C) capacitive contribution of MoS>-MS-800 at different scan rate from 0.7

to .5 mV s

Figure 3.9a shows CV curves of MoS>-MS-based anode at different scan rates
from 0.7 to 1.5 mV s'. In general, the diffusion-controlled process and the
pseudocapacitive controlled by surface process will affect the charge storage ability of
anode materials [20, 42, 43]. To gain the information of capacitive effect of the battery
system, the following equation is generally used for the calculation:
i=av Eq. (1)
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where i and v are the current density and the scan rate, respectively; a and b are
adjustable constants. The storage mechanism depends on the b-value, whose value is in
a range from 0.5 to 1. If the b-value approaches 0.5, which means that ion diffusion
plays a major role in the system. In contrast, the b-value is close to 1, indicating a
surface-controlled process. According to the equation (2), the b-values of 0.92 and 1.08
were obtained as shown in Figure 3.9b, corresponding to the peaks 1 and 2 (in Figure
3.9a), respectively, indicating a surface-controlled process, which is benefit for the rate
performance. Furthermore, the pseudocapacitive contribution can be quantified by
following equation[44]:

i =k + kv'? Eq. (2)

where i and v are the current value at different voltages and the scan rate,
respectively; kiv and kv’ correspond to the contribution of capacitive and diffusion.
Figure 3.9c displays the comparison of the current of capacitive (pink line) with the
total current at the scan rate of 1.5 mV s™!. The capacitive contribution of ~95.51% was
achieved for MoS>-MS-based anode, which is higher than that of MoS;-MS-800-based
anode (Figure 3.10a). In addition, the contribution of capacitive at different scan rates
was further calculated. As shown in Figure 3.9d. MoS>-MS-based anode delivered the
capacitive contribution ratios of 90.67, 92.44, 93.56, and 95.51 % at the scan rates of
0.7,0.9, 1.2, and 1.5 mV s™!, respectively. In contrast, for MoS,-MS-800-based anode,
the capacitive contribution ratios were only 88.69, 89.49, 91.65, and 92.74 % at the
different scan rates of 0.7, 0.9, 1.2, and 1.5 mV s!, respectively (Figure 3.10c). Thus,

the capacitive contribution of MoS>-MS-based was higher than that of MoS;-MS-800-
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based anode, indicating a favorable charge transfer kinetics, which is attributed the

disordered structure with more defects.

3.3.4 EIS analysis
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Figure 3.11 Nyquist plots of the (a) MoS>-MS-based and (b) MoS2-MS-800-based

anodes.

Figures 3.11a and b show the Nyquist plots related to the MoS>-MS and MoS»-
MS-800-based anode anodes after different cycles, respectively, in which a semicircle
in the high frequency region and a slope line in the low frequency region correspond to
the charge-transfer process and the Warburg process during the Na" ion diffusion,
respectively[45, 46]. Compared with the impedance spectra of MoS,-MS-800-based
anode (Figure 3.11b), it is obvious that the diameter of semicircle at the high-frequency
for the MoS>-MS-based anode (Figure 3.11a) was smaller, indicating its lower charge-
transfer resistance. This can be attributed to the 1-T phase existed in disordered
structure of MoS>-MS[47, 48]. Meanwhile, the slope of line at the low-frequency
related to the MoS;-MS-based anode was steeper than that of MoS;-MS-800-based one,

also indicating that the MoS;-MS-based anode possessed a lower diffusion resistance
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due to the larger interlayer spacing and more defects, which facilitated the intercalation
of Na'. As stated above, the large interlayer spacing and more defects should be
favorable for the rapid diffusion of Na® ions while the 1-T phase could enhance the
electrical conductivity. As a result, the MoS>-MS-based anode exhibited more excellent

rate performance.

3.4 Conclusions

In summary, the MoS>-MS anode material with 1T/2H phase was successfully
synthesized by a one-step hydrothermal method. The obtained MoS>-MS was
confirmed to have disordered structure, rich defects and large interlayer spacing. As it
was used as the anode material for SIBs, the MoS>-MS-based anode displayed a highly
stable specific capacity of 467 mAh g!' over 100 cycles at 100 mA g!, good cycling
stability with a specific capacity of 412 mAh g! over 500 cycles at 1 A g'!, and superb
rate performance with a specific capacity of 100 mAh g! maintaining at 20 A g'!. Such
an excellent electrochemical performance was considered to be ascribed to its specific
structure. Especially, the 1-T phase presented in the disordered structure enhanced the
electrical conductivity, the rich defects provided more active sites for Na* ion storage
and the large interlayer spacing facilitated the diffusion of the Na* ions. This work
might provide a strategy to increase the electrochemical performance and decrease the

cost for developing electrode materials in energy storage field.
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CHAPTER 4 A novel vanadium-mediated MoS: with
metallic behavior for sodium ion batteries: achieving fast

Na* diffusion to enhance electrochemical Kinetics

4.1 Introduction

With the rapid developments and applications of electronic devices, electric
vehicles and renewable energy, lithium ion battery (LIB) cannot meet the ever-
increasing demand due to the limited lithium resource [1, 2]. As such, it is essential to
find potential substitute materials of LIBs. Sodium ion battery (SIB) is one of choices
since it has the similar electrochemical performance as the LIB but there are abundant
sodium resources on the earth [3-5]. However, since the radius of Na* (1.02 A) is much
larger than that of Li* (0.76 A) [1, 6, 7], the sluggish reaction kinetics and large volume
expansion in the anode still hinder the application of the SIBs. Moreover, the large Na*
radius also easily causes the electrode pulverized during the charging/discharging
process, which always leads to the bad cyclic stability and poor rate performance. Thus,
it is still full of challenge to find effective strategy to overcome these issues for the
anode in order to promote the commercialization of SIBs.

Recently, two-dimensional transition metal dichalcogenides (2D TMDs) such as
MoS: [8], VS2 [9], SnS; [10] and WS> [11] have been considered as the promising
anode candidates for SIBs since their weak interlayer van der Waals forces are benefit
for the intercalation and deintercalation of Na". Among these 2D TMDs, MoS; based

anodes have been widely studied due to its large interlayer spacing and high theoretical
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capacity (670 mAh g!) [12-16]. Nevertheless, pure MoS; based anode still faces the
issues of poor electronic conductivity, sluggish electrochemical kinetics and large
volume expansion during the intercalation/deintercalation of Na* [17-19]. Numerous
efficient strategies have been attempted to solve the above-mentioned issues. Among
them, nanostructure designing with the carbon modification is the main one for the
generation of more actives sites for Na* storage with the increase of conductivity as
well as the hindrance of electrode pulverization [20-25]. Unfortunately, even though
these strategies are very effective, the fabrication process is too complex. Therefore, it
is necessary to find simpler synthesis process for the preparation of 2D TMDs.

Another 2D TMD of VS, was found to possess good electrochemical performance
even without the combination with carbon-based materials [26, 27]. The theoretical
study also indicated that VS, has a faster Li* diffusion rate than MoS,, which may be
also applied for SIBs [28]. To combine the merits of MoS; and VS, in the present work,
VMoS:, a vanadium mediated molybdenum disulfide material, was synthesized by a
facile one-step hydrothermal method and used as the anode material for the SIBs. The
obtained VMoS; was characterized in details and the performance as the anode material
was investigated. Meanwhile, the density functional theory (DFT) calculations were
performed to understand the relationship between the modified structure and the
electronic conductivity and further identify the electrochemical performance. It is
expected to significantly increase the conductivity of MoS, and decrease diffusion
barrier of Na* by the mediating of V species, thereby enhancing the electrochemical
kinetics of Na' in the SIBs.
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4.2 Experimental

4.2.1 Synthesis of VM-23, VM-33, VM-43, VM-53, Mo0S2, A-MoS2, and VS2

VMoS; materials prepared with the different molar ratios of V:Mo in the
precursors, i.e., 2:3, 3:3, 4:3, 5:3, namely VM-23, VM-33, VM-43 and VM-53,
respectively, were synthesized by a facile one-step hydrothermal method. For example,
for the synthesis of VM-43, firstly, 2.0 mmol of NH4VOs3, 1.5 mmol of Na;MoO4=H>O
and 32 mmol of CoHsNS (TAA) were dissolved in 30 ml of distilled water with
ultrasonic treatment at 45 °C for 60 min. Thereafter, the suspension was transferred to
a 50 ml Teflon-lined sealed autoclave and heated at 220 °C for 24 h. The obtained
product was collected by centrifugation and washed for several times successively
using distilled water and ethanol, and finally dried at 60 °C in a vacuum oven for 12 h.
For comparison, the pure MoS; was also synthesized using the same procedure but
without the addition of NH4VO3, A-MoS: was synthesized in the presence of 2 ml of
ammonia solution in the same hydrothermal process, and VS: was synthesized using

the same procedure in presence of 2 ml of ammonia solution but without NaxMoO4=H>O.

4.2.2 Characterizations

Morphology and elemental distribution analysis were carried out using a scanning
electron microscope (SU8010, Hitachi, Japan) at an operation voltage of 15.0 kV with
an energy dispersive spectrometer (EDS), and the nanostructure was observed using a
high-resolution transmission electron microscope (TEM, JEM-2100F, JEOL, Japan)

with an accelerating voltage of 200 kV. Crystalline structure was analyzed by an X-ray
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diffractometer (XRD, Smartlab 9kW, Rigaku, Japan) with CuKa (A=1.5418 A) as the
radiation source. The elemental compositions and chemical valence states were
determined by an X-ray photoelectron spectrometer (XPS) (VG ESCALAB 250,
Thermo Electron, UK) using an Al Ka X-ray source (1486 eV). Raman spectra were
collected with a Renishaw inVia Raman spectrometer using an excitation wavelength

of 532 nm.

4.2.3 Electrochemical measurements

For fabricating the working electrode, 80 wt % of active material, 10 wt% of
conductive carbon black and 10 wt% of sodium carboxymethylcellulose (CMC) were
mixed in the deionized water to prepare a slurry at first. Then, the obtained slurry was
pasted onto a copper foil and dried in a vacuum oven at 60 °C overnight. After that, the
active material coated copper foil was cut into round pieces with a diameter of 12 mm
as the electrode. Herein, the active material loading amount was ~1.0 mg cm™. Sodium
metal and glass fiber were used as the counter electrode and the separator, respectively.
The electrolyte was 1 M sodium trifluomethanesulfonate (NaSO3;CF3) in diglyme
(DGM). The cells were assembled in an argon-filled glove box. Charge/discharge
measurements were carried out at various current densities over a voltage range of 0.3-
3 V using a battery test system (LAND CT2001A model, Wuhan LAND Electronic.
Ltd). Cyclic voltammographs (CVs) were recorded on an electrochemistry workstation
at a scan rate of 0.1 mV s™!. Electrochemical impedance spectra (EIS) were collected

over a frequency range of 0.01 Hz-100 kHz.
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4.2.4 Density functional theory (DFT) calculations

All DFT calculations were performed with the Cambridge Serial Total Energy
Package (CASTEP) implemented in Materials Studio software using the
pseudopotential method [29]. Electron-electron exchange and correlation energy was
employed in the Perdew-Burke-Ernzerhof form of generalised gradient approximations
(GGA) [30, 31]. The plane-wave cut-off was chosen to be 370 eV to ensure acceptable
precision, and 3x3x2 k-point grids were used in the calculation. The convergence
criterion was within 1.0x10” eV per atom for the total energy, and internal stress was
less than 0.05 GPa. The transition state search and confirmation were used to calculate

the ion migration energy barrier.

69



4.3 Results and discussion

4.3.1 Characterizations

N32M004'H20 .
NH,VO, —
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i ( Hydrothermal method Growing ,‘ ‘.
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B B 220°C 24 hours ‘k\, 3

Figure 4.1 (a) Schematic illustration of the VMS; synthesis; FESEM images of the (b,

e) VM-33, (c, f) VM-43, and (d, g) VM-53.
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Figure 4.2 SEM morphologies of (a), (b) pure MoS»; (c), (d) A-MoSy; (e), (f) VSz; and

(2) VM-23.
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Figure 4.1a schematically illustrates the formation of VMS: material in the
hydrothermal process. In order to explore the growth of flower-like morphology, a
series of experiments were conducted. Firstly, pure MoS; was synthesized without the
addition of NH4VOs3. The morphologies of pure MoS; are shown in Figures 3.2a and b,
and the lumpy structure without any nanosheets were observed. Then, the precursors
with different molar ratios of V:Mo were used to prepare the VMoS, materials. As
shown in Figure 3.2g, VM-23 material still had a lumpy structure as the pure MoS.
Interestingly, with the increasing of NH4V O3 amount in the initial precursor, the flower-
like morphology was gradually formed for VM-33, VM-43, and VM-53 as shown in
Figure 4.1b-g, especially for VM-43 (Figure 4.1c). Close examination revealed that the
nanosheets grew alternately to form flower-like morphology (Figure 4.1f). As a
comparison, the morphology of VM-33 (Figure 4.1b and e) was similar as that of VM-
43, but the particle size was smaller than that of VM-43. Notably, when the molar ratio
of V:Mo was increased to 5:3, in addition to flower-like structure, the nanorod structure
was also observed (Figure 4.1d and g). To prove that the formation of flower-like
structure is not caused by NH4", A-MoS, was also synthesized in the presence of 2 ml
of ammonia solution in the same hydrothermal process. The coral-like morphology with
nanosheet structure was observed in Figures 4.2 ¢ and d for A-MoS,. In addition, the
VS, was also prepared using the same procedure in presence of 2 ml of ammonia
solution but without Na;MoO4*H>O. The flower-like morphology was not formed but
the microsheet structure was observed for VS» (Figures 4.2 e and f). Herein, 2D TMD

nuclei could be generated by the reactions of Mo and V species in the solution with S
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species and then, the Mo and V species in the solution could continuously interact with
the primary 2D nuclei from different directions, resulting in the further formation of
nanosheets, which were intersected along different directions, resulting in the flower-
like particle morphology during the hydrothermal process. The elemental analysis of
VM-33, VM-43, and VM-53 were carried out using EDS (Figure 4.3). The atomic ratios
of V to Mo were 1.42, 1.62, and 1.84 for VM-33, VM-43, and VM-53, respectively,

which are summarized in Table 4.1.

Figure 4.3 Elemental analysis of (a) VM-33, (b) VM-43, and (c) VM-53.

73



Table 4.1 Atomic contents in the VM-33, VM-43, and VM-53 based on elemental

analysis.

Samples S At% Mo At% V At% V : Mo
VM-33 67.8 13.3 18.9 1.42
VM-43 68.3 12.1 19.6 1.62
VM-53 68.5 11.1 20.4 1.84

The nanostructure of VM-43 was further determined by TEM measurement. As
shown in Figure 4.4, the flower-like morphology was also observed (Figure 4.4a and
b), which is consistent with the SEM observation (Figure 4.1). From the HRTEM
images of VM-43 (Figures 4.4d and e), it was worth noting that the interlayer spacing
of ~0.60 nm was observed, which was smaller than that of 002 plane of MoS; (0.615
nm) [32] and larger than that of 001 plane of VS, (0.57 nm) [26]. The smaller interlayer
spacing might be attributed to the V replacing Mo in the structure of MoS.. The inset
HRTEM image in Figure 4.4e revealed that VM-43 had a disorder structure.
Furthermore, the 1-T and 2-H phases with more defects were observed to be co-existed
in nanostructure of VM-43 (Figure 4.4c and f). Figure 4.5 shows the TEM and HRTEM
images of VM-33 and VM-53. One can see that the particle diameters of VM-33 and
VM-53 were ~500 nm (smaller than that of VM-43, Figure 4.5a) and ~1500 nm (larger
than that of VM-43, Figure 4.5c¢), respectively. In addition, the interlayer spacing of
~0.60 nm, 1-T and 1-H phases were observed for both of them (Figure 4.5b, c, e, and

f), which is the same as that of VM-43. From energy disperse spectroscopic (EDS)
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elemental mappings of VM-43 (Figure 4.4g-j), the Mo, V, and S elements were
uniformly distributed on the VM-43, which also demonstrated that V elements were

successfully combined in the nanostructure of MoSo.

Figure 4.4 (a and b) TEM and (c-f) HRTEM images of VM-43 sample. (g) STEM

elemental mappings of (h) S, (i) Mo and (j) V.
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Figure 4.5 TEM images of (a) VM-33 and (d) VM-53; HRTEM images of (b), (c) VM-
33 and (e), (f) VM-53.
In order to confirm the crystalline structure of sample, the X-ray diffraction (XRD)

analysis was carried out. As shown in Figure 4.6a, four peaks located at 26=14.72°,
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20=33.46°, 26=40.05° and 26=58.53° were obviously observed, which corresponded to
the (002), (100), (103) and (110) planes of 2H-MoS:> (JCPDS No. 37-1492),
respectively [33, 34]. According to Bragg’s Law, the interlayer spacing of 002 plane of
VM-43 was calculated to be 0.601 nm, which was also consistent with the HRTEM
result (Figure 4.4d and e). It was worth noting that the intensity of 002 peak was
gradually increased with the increasing of NH4VO3; amount in the initial precursor for
the hydrothermal synthesis. However, in comparison, there were some broad peaks in
Figure 4.7a and no any sharp peaks were observed for MoS> and A-MoS;, indicating
that VM-43 should be grown along the 002 plane in the existence of vanadium ions in
the precursor. All peaks in the XRD pattern of VS, (Figure 4.7b) corresponded to the
characteristic peaks of hexagonal VS, (JCPDS No. 89-1640). Interestingly, the
characteristic peaks related to the vanadium disulfide were not found from the XRD
patterns in the Figure 4.6a and Figure 4.7c, revealing that V* could be successfully
combined into the framework of MoS, which was also in good agreement with the
STEM elemental analysis (Figure 4.4g-j). Raman analysis of the as-prepared VM-43
was further employed to explore the structure. As shown in Figure 4.9, Raman peaks at
~290, 388, and 410 cm™' were indexed to the Eig, in-plane E'2,, and the out-of-plan A,
modes of MoS» [35, 36], respectively. In addition, the peaks of 1-T phase were also
observed, which were in good agreement with HRTEM results (Figure 4.4c¢ and f). The
intensity of J1 peaks (Figure 4.9) was high, which was attributed to almost same position
of 1-T phase peaks in Raman spectra of MoS. and VS, [36, 37]. However, the
characteristic peak of VS, was not observed, which might be due to the locations
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coincided with those of Eig, El2g, and A1z of M0S,. Meanwhile, the XRD patterns as

well as the Raman spectra of VM-33 and VM-53 were similar as those of VM-43,

indicating that VM-33 and VM-53 had the similar structure as the VM-43.
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Figure 4.6 (a) XRD patterns of VM-33, VM-43 and VM-53. High-resolution XPS

spectra of (b) Mo 3d, (¢) V 2p and (d) S 2p.

78



~~
o
~

= VS, JCPDS No. 89-1640

—_—
o
~

MoS.-A
MoS

2

Intensity / a.u.
Intensity / a.u.

JLV%A l A Ma A

T T T T T T . il . - Hlll 'l"l'l]'I 11t

1o 20 3 40 5 60 70 8 4 20 3 40 50 60 70 80
2 theta/° 2 theta / ©

- MoS, JCPDS No. 37-1492

- VS, JCPDS No. 89-1640

~_
@)
~

—— VM-43 after calcination

Intensity / a.u.

10 20 30 4I0 50 60 70 80

2 theta / °
Figure 4.7 XRD patterns of (a) MoS2, A-MoSz, (b) VSz2., and (c) VM-43 after

calcination at 800 °C for 2h in Argon gas.

79



: \I\ ‘—'\—“\}Ld\h___—_ﬁ—rﬂ\_\h
<
N | e
(g o o —wn Sy
= > OMNS & L&
B\’ M T]-O
iz =
8 | | T | | T
+—
<
e
' T ' T ' T ' T '
1000 800 600 400 200 0

Binding energy / eV

Figure 4.8 XPS survey spectra of VM-33, VM-43 and VM-53.

In order to further understand the elemental compositions and chemical valences,
XPS analysis was adopted. As shown in Figure 4.8, the existences of V, Mo and S were
confirmed in the structures of VM-33, VM-43 and VM-53. Two peaks at 228.6 eV and
231.9 eV in the high-resolution XPS spectrum of Mo 3d were assigned to Mo*" 3ds)
and Mo*" 3ds»2 of 1-T phase, respectively (Figure 4.6b), indicating the existence of 1-T
phase in the VM-43 [38]. However, the proportions of 1-T phase in VM-33, VM-43 and
VM-53 were 29.3%, 26.7% and 27.2%, respectively, according to the XPS peak fitting.
Compared with A-MoS> [39], the proportion of the 1-T phase based on XPS of Mo 3d
was so low that no obvious peaks of J> and J; were observed from Raman (Figure 4.9).
Because the presence of J1, J2, and J3 peaks in Raman is formed by superlattice
distortion in the plane of MoS» [40]. The phenomenon of no obvious J> and J3 peaks

may be due to the low concentration of 1T phase [41], low content of Mo-S bonds in
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whole sample, and change of the crystal lattice after V mediating. The small peak of
235.8 eV corresponded to Mo®*, which was attributed to the surface oxidation of MoS;
[42]. Meanwhile, the V 2p spectrum (Fig. 3¢) consisted of four peaks at 524.8, 517.5,
521.0 and 513.3eV, which were ascribed to V4 2p12, V¥ 2p3, V2 2p12 and V2 2psn,
respectively [43, 44]. Herein, the existences of V2" 2p1,2 and V** 2p3/» might be assigned
to the strong reducibility of S** from the decomposition of thioacetamide during the
hydrothermal process [45, 46]. The S 2p high-resolution XPS spectrum (Fig. 3f) had
two peaks at 161.7 eV and 161.0 eV, which were assigned to S 2pi1» and S 2p3»,
respectively [41]. The other two peaks at 164.1 eV and 162.8 eV were attributed to the
supersaturated S-S bonds, which were formed due to the excessive TAA and anchored
on the surface of sample [47]. These results indicated that vanadium species was

successfully incorporated with MoS; to form VMS,.

1-T phase in MoS, — VM-53

], /\J2 \J3 —— VM-43
| —— VM-33
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Figure 4.9 Raman spectra of VM-33, VM-43 and VM-53.
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4.3.2 Na* storage mechanism
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Figure 4.10 (a) Typical CV curves of VM-43 based anode in the first three cycles at a
scanning rate of 0.1 mV s™! in a voltage range of 0.3-3 V; (b) Ex-situ XRD patterns of

VM-43 at different voltages during the discharging/charging process.
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Figure 4.11 XRD pattern of glass fiber separator after the 200" cycle.
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Figure 4.10a shows the cycle voltammograms (CVs) of the VM-43 based anode
at a scan rate of 0.1 mV s™! in the voltage range of 0.3-3 V. Four reduction peaks located
at 2.3, 1.9, 1.37 and 0.3 V were observed during the first discharging process.
Meanwhile, two oxidation peaks at 1.55 and 2.22 V appeared in the first charging
process. To confirm the crystalline structure changing during the discharging/charging
process and understand the Na" intercalation/deintercalation mechanism, the ex-situ
XRD patterns at different stages were measured. As shown in Fig. 4.10b, in the
discharging process until the voltage decreased to 0.8 V, the intensity of peak at 14.72°
gradually decreased but no any peaks corresponding to Na>S were observed, revealing
that the reduction peaks at 2.3, 1.9 and 1.37 V should be resulted from the multistep
intercalations of Na" ions into the interlayers of MoS; with the formation of NaxMoS5.
Subsequently, when the voltage in the discharging process decreased to 0.3 V, three
peaks enclosed by the red cycles appeared, which should be associated with the
conversion of NaxMoS: to MoS; and Na,S. Interestingly, during the discharge process,
a new peak at 31.3° appeared, which may be attributed to the sodium polysulfide
produced by supersaturated S-S bonds [48]. It was certificated that polysulfides were
the common products during the discharging process when metal sulfides were used as
the anode material for batteries [49-51]. Subsequently, the sharp reduction peak
appeared at 0.3 V gradually became weaker (Figure 4.10a), which should be due to the
gradual formation of solid electrolyte interphase (SEI) layer. Remarkably, the peaks
enclosed by the red cycles gradually disappeared during the charging process and the
peak corresponding to the (002) plane of MoS> was also recovered at 3 V. Herein, the
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oxidation peaks at 1.55 and 2.22 V indicated not only the conversion of Mo to MoS:
but also the deintercalation of Na' ions from the interlayer. In order to further confirm
the formation of Na>S, the XRD analysis for the separator after 200 cycles at 1 A g”!
was also conducted. As shown in Figure 4.11, four peaks appeared at 24.1, 39.2, 56.5
and 70.6° were assigned to (111), (220), (400) and (422) planes of NaS, respectively,

also demonstrating the formation of Na,S during the discharging process.
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Figure 4.12 Typical CV curves of (a) VM-33 and (b) VM-53 for the first three cycles
at a scanning rate of 0.1 mV s™! in the voltage range of 0.3-3 V.

In addition, the CV curves of VM-33 and VM-53 based anodes were also measured.
As shown in Figure 4.12, the same curve pattern as the VM-43 based anode was

observed, indicating the same Na" intercalation/deintercalation mechanism during the

discharging/charging process.
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4.3.3 Electrochemical performance
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Figure 4.13 (a) Typical galvanostatic charging/discharging profiles in the 1%, 2", 10%,
20, and 50" cycles for the VM-43 based anode at a current density of 100 mA g';
Cycling performance of the VM-43 based anode at current densities of (b) 100 mA g’!
and (d) 2 A g''; (¢) Cycling performances of the VM-33, VM-43, and VM-53 based
anodes at a current density of 1 A g'!; (e) Rate performances of A-MoS,, VM-33, VM-
43 and VM-53 based anodes; (f) Comparison of rate performance of the VM-43 based

anode with other MoS;-based anodes.
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Figure 4.14 Typical galvanostatic charging/discharging profiles at the 1%, 2" 10%, 20
and 50" cycles of (a) A-MoS2, (b) VM-33 and (c) VM-53 at a current density of 100
mA g!; Cycling performance of (d) A-MoS2, (¢) VM-43 and (f) VM-53 at a current
density of 100 mA g!.

Figure 4.13a shows the galvanostatic charging-discharging profiles in the 1%, 279,
10%, 20™ and 50 cycles for the VM-43 based anode in the SIBs with a voltage range
of 0.3-3 V at a current density of 100 mA g™!. As shown in Figure 4.13a, the initial
discharge and charge capacities of 580.1 and 521.5 mAh g! were achieved, respectively,
with a high initial Coulombic efficiency of 89.88%. Such a high initial Coulombic
efficiency should be resulted from the stable and thin SEI layer formed with the ether-
based electrolyte, which was benefit for the Na* ions transportation [52]. Subsequently,
the second cycle delivered discharge and charge capacities of 505.1 and 508.7 mAh g
!, respectively, with an increased Coulombic efficiency of ~ 100%. For the 10" and 20"
cycles, the discharge capacity gradually decreased to 468.6 and 434.1 mAh g,

respectively. However, after the 50" cycle, a discharge capacity of 509.2 mAh g™ was
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achieved also with a Coulombic efficiency at ~ 100%. The continuous and progressive
capacity changing during the cycling process is shown in Figure 4.13b. One can see
that the discharge capacity continuously decreased in the first several cycles and
thereafter gradually increased and finally remained at 548.1 mAh g™! after the 80" cycle.
In contrast, as shown in Figure 4.14a-c, the initial discharge and charge capacities of
502 and 443.9 mAh g'!, 547 and 491.8 mAh g!, 534 and 492 mAh g! were delivered
for A-MoS,, VM-33 and VM-53 based anodes, respectively, which were lower than
those of VM-43. In addition, at a current density of 100 mA g!, the A-MoS,, VM-33
and VM-53 based anodes exhibited reversible specific capacities of 375.5, 514 and 504
mAh g’!, respectively, after the 60" cycle (Figure 4.14d-f), they were also lower than

that of the VM-43 based anode (521.8 mAh g!).
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Figure 4.15 (a) Typical galvanostatic charging/discharging profiles at the 1%, 2", 5%
and 10" cycles of VSa; (b) Cycling performance of VS; at a current density of 1 A g™,
In addition, the specific capacity of VM-43 was higher than that of VS, (425 mAh
gl at a current density of 100 mA g! as shown in Figure 4.15a). Notably, the coulombic
efficiency was higher than 100% in the later stage of cycling test in Fig. 5b, which may
be attributed to the partial decomposition of the SEI layer and the reduction of sodium
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polysulfides during the charging process [50, 53]. Both of them could provide higher
charging capacity, resulting in a coulomb efficiency even higher than 100%.

The cycling stability test results of the A-MoS>, VM-33, VM-43 and VM-53 based
anodes are shown in Figure 4.13c, in which the anodes were tested at a current density
of 1 A g'l. It is clearly seen that the VM-43 based anode delivered a high specific
capacity of 455.6 mAh g'! with a Coulombic efficiency of ~100% even after the 260™
cycle. In comparison, the A-MoS,, VM-33, VM-53, and VS (Figure 4.15b) based
anodes only exhibited reversible capacities of 297.1, 352.7, 417.5 and 293.4 mA g,
respectively, which were lower than that of VM-43 based anode. Furthermore, at a large
current density of 2A gl the cycling stability of VM-43 based anode was extended to
800 cycles with a reversible capacity of 451.6 mAh g!' as well as a ~100% Coulombic
efficiency (Figure 4.13d). All these results obviously revealed that the VM-43 based
anode had excellent cycling stability.

Figure 4.13e shows the rate performances of A-MoS,, VM-33, VM-43 and VM-
53 based anodes. It is clearly seen that the VM-43 based anode delivered reversible
capacities of 479.8, 453.4, 438.7, 422, 401.8, 349.8 and 305.6 mAh g at current
densities 0of 0.1, 0.2, 0.5, 1,2, 5 and 10 A g’!, respectively. In particular, even at a very
high current density of 20 A g!, the VM-43 based anode also exhibited a high reversible
capacity of 207.4 mAh g™!. Most importantly, when the current density was returned to
0.2 A g, the reversible capacity was also recovered to 460 mAh g™! after the 150" cycle,
revealing its excellent rate performance. By contrast, the A-MoS;, VM-33 and VM-53
based anodes showed lower rate performances with reversible capacities of 294.5,
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312.8 and 377.4 mAh g!, respectively, at a large current density of 1 A g'! than the VM-
43 based anode. Interestingly, at lower current densities of 0.1 and 0.2 A g’!, the
reversible capacity of VM-43 based anode decreased at first and then gradually
increased at larger current densities of 0.5, 1, 2, 5, 10 and 20 A g”!, indicating the fast
kinetics of Na" intercalation/deintercalation in this anode. This phenomenon was also

observed in Figure 4.13b.

Figure 4.16 (a) TEM and (b) HRTEM images of VM-43 after the 800™ cycle at the

current density of 2 A g,

Herein, as shown in Fig. 4.16, the interlayer spacing could be expanded during the
discharging/charging process, which should be benefit for the Na® storage and
intercalation/deintercalation. Fig. Se compared the rate performances of the VM-43
based anode with other reported MoS»-based ones. Notably, the rate performance of the
present VM-43 based anode was more excellent than those of most MoS»-based ones

[8, 14, 54-60].
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4.3.4 Electrochemical kinetics and EIS analysis
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Figure 4.17 (a) CV curves of VM-43 based anode at different scan rates from 0.1 to 0.7
mV s, (b) corresponding log i vs. log v plots of peaks 1, 2, 3 and 4; (c) capacitive
contribution of the VM-43 material in comparison to the total current at 0.7 mV s™'; (d)
capacitive contribution of MoS>-MS at different scan rates from 0.1 to 0.7 mV s, (e)

Nyquist plots of the A-MoS,, VM-33, VM-43, and VM-53 based anodes.
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Figure 4.17a shows the reaction kinetics related to the VM-43 based anode. One
can see that similar CV curves were obtained at different scan rates from 0.1 to 0.7 mV
s''. Generally, the charge storing in nanomaterials can be realized by a diffusion-
controlled process or a surface-controlled process (pseudocapacitive) [61, 62], which
can be evaluated based on the following equation [63, 64]:
i=av’ (1)
where both of @ and b are constants, i and v are the current and the scan rate, respectively.
Herein, the b-value is generally in a range of 0.5-1, in which b-value approaching 0.5
indicates a diffusion-controlled process whereas b-value close to 1 means a surface-
controlled pseudo-capacitive process. In this study, as shown in Figure 4.17b, the b-
values of 0.999, 1.063, 0.908 and 0.936 corresponding to the peaks 1, 2,3 and 4 were
obtained by the fitting of log i vs. log v related to the VM-43 based anode, indicating a
surface-controlled pseudo-capacitive occurred for the charge storage in this material.
In addition, for the VM-33 and VM-53 based anodes, the b-values were also close to 1

(Figures 4.19b and 4.20b) since they were the same type materials as the VM-43.
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Figure 4.18 (a) CV curves of A-MoS; at different scan rates from 0.1 to 0.7 mV s!, (b)
capacitive contribution of A-MoS; related to the total current at 0.7 mV s; (c)
capacitive contribution of A-MoS; at different scan rates from 0.1 to 0.7 mV s!.
Meanwhile, the contributions from the diffusion-controlled process and the
pseudocapacitive process can be calculated using the following equation [65]:
i=kiv+ kov'? )
where k1 and k> are constants, 7 and v stand for the current value at the specific voltage
and the scan rate, respectively; k1v and kov'’? represent the contributions of capacitive
and diffusion processes, respectively. Thus, the contributions of pseudocapacitive
process at different scan rates can be calculated by the values of k1 and k> obtained from
the fixed voltage. As shown in Figure 4.17c, the capacitive contribution reached to
~93.65% at the scan rate of 0.7 mV s™! for the VM-43 based anode, indicating excellent
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charge transfer kinetics. Figure 4.17d displays the contributions of capacitive process
at different scan rates. One can see that the capacitive contributions of 86.71, 89.54,
91.96 and 93.65 % were achieved at the scan rates of 0.1, 0.3, 0.5, and 0.7 mV s,
respectively. In contrast, the capacitive contributions of 84.7, 86.93,91.61, and 91.36 %
were achieved for the A-MoS;-based anode at the different scan rates of 0.1, 0.3, 0.5,
and 0.7 mV s, respectively (Figure 4.18), which were also lower than those of VM-33
and VM-53 based anodes (Figures 4.19 and 4.20). Thus, the capacitive contribution of
the VMS:-based anode was higher than that of A-MoS: based anode, indicating a

favorable charge transfer kinetics after the V species mediating.
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Figure 4.19 (a) CV curves of VM-33 based anode at different scan rates from 0.1 to 0.7
mV s, (b) corresponding log i vs. log v plots of the peaks 1, 2, 3, and 4; (c) capacitive
contribution of VM-43 related to the total current at 0.7 mV s’!; (d) capacitive

contribution of Mo0S>-MS at different scan rates from 0.1 to 0.7 mV s,
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Figure 4.20 (a) CV curves of VM-53 based anode at different scan rates from 0.1 to 0.7
mV s, (b) corresponding log i vs. log v plots of peak 1, 2, 3, and 4; (c) capacitive
contribution of VM-43 related to the total current at 0.7 mV s’'; (d) capacitive

contribution of MoS,-MS at different scan rates from 0.1 to 0.7 mV s\
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Figure 4.21 The equivalent circuit used for the analysis of the impedance plots.
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Table 4.2 Fitting results of Nyquist plots based on the equivalent circuit in Fig. S8 after

the 20" cycle.
Electrode R Ret
A-MoS> 22.66 21.38
VM-33 20.23 7.635
VM-43 10.51 7.149
VM-53 8.92 7.115

Figure 4.17e shows Nyquist plots of the A-MoS>, VM-33, VM-43, and VM-53

based anode after 20 cycles at a current density of 0.2 A g™!, which contained a slope

line in the low frequency region and a semicircle in the high frequency region,

corresponding to the Warburg impedance (Zw) related to the Na* diffusion and the

charge-transfer resistance (R.t), respectively [66, 67]. Based on the equivalent circuit as

shown in Figure 4.21, the Rt was calculated. As summarized in Table 4.2, the R values

were 21.38, 7.635,7.149,and 7.115 Q for A-MoS,, VM-33, VM-43 and VM-53 based

anodes, respectively, indicating that mediating of vanadium species effectively

improved the electronic conductivity. To gain the diffusion characteristics of Na™ ions,

the Warburg impedance at the low frequency region was further analyzed by using the

following two equations [68, 69]:

Z' = Ry + Ry + 0,,07%°

R2T?

T 242n4F4C20%
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where ow is the Warburg impedance coefficient, which can be obtained from the slope
(Figure 4.17f) by linear fitting of Z' vs. 0™ using Eqn. (3); R, T, 4, n, F, and C are
the gas constant, the absolute temperature, the surface area of the anode, the number of
electrons transferred, the Faraday’s constant, and the molar concentration of the Na*
ions, respectively. After 20 cycles, the Warburg coefficient of the VM-43 based anode
was 11.55, which was lower than those of A-MoS> (82.59), VM-33 (16.26) and VM-
53 (15.76) based anodes, indicating the faster Na* ion diffusion in it. This result was
also consistent with the superb rate performance of the VM-43 based anode (Figure

4.13¢).

4.3.5 DFT calculations

Table 4.3. The unit cell parameters of pure MoS; and VMoS, based on DFT
calculations.

Species a(A) b (A) c(A)
MoS» 6.36184 6.36184 7.72638
VMS, 6.38210 6.38210 7.59891
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Figure 4.23 (a) Na" migration path in the interlayer of VMS, from Mo to V; (b) energy

profiles along the diffusion path.
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VMS, Ano

Figure 4.24 Tllustration of Na" diffusion and electronic transmission during the
charging/discharging processes in the VMS: based anode.

DFT calculations were carried out to further confirm the effect of V-mediating on
the enhancement of the conductivity and promoting of the Na" ion diffusion. Figures
4.22a and b show the structure models of the pure MoS; and VMS,, respectively. The
calculated unit cell parameters of MoS> and VMS; are summarized in Table 4.3. The
distance between the VMoS: layers was 7.59891, which was narrower than that of pure
MoS; (7.72638), indicating the decrease of interlayer spacing after the V mediating.
This result was consistent with the TEM observations (Figures 4.4d and e). Meanwhile,
the density of states of the pure MoS; and VMS; are shown in Figure 4.22c. It is obvious
that the Fermi level after the V-mediating merged into the valence band, demonstrating
that VMS; possessed the metallic property. Thus, V-S bond in the structure of MoS»
could obviously increase the electrical conductivity, which was also in good agreement
with EIS result (Figure 4.17¢). In addition, the defects and 1-T phase also could
contribute to the conductivity improvement [70]. It was reported that the energy barrier
of diffusion paths as shown in Figures 4.22d and e should be the lowest ones [71, 72],

therefore, we choose these diffusion paths to calculate the energy barrier by the
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CASTEP implemented in Materials Studio software using the pseudopotential method
[29]. As shown in Figure 4.22f, the energy barrier in VMS> was 0.069 eV, which was
approximately 42.5% lower than that calculated for the pure MoS> (0.12 eV). In
addition, the energy barrier of diffusion path from Mo to V was calculated to be 0.14
eV (Figure 4.23), which was slightly higher than that of diffusion path from Mo to Mo
in the pure MoS:. The smaller energy barrier related to the VMS; indicated that Na®
could migrate more easily between the layers of VMS, material when compared with
the pure MoS,. Thus, the higher electrical conductivity, smaller energy barrier and
lower Warburg coefficient after the V mediating could promote the electron and Na*
ion transportation, thereby improving the electrochemical kinetics, resulting in more

the contribution from pseudocapacitive process as illustrated in Figure 4.24.

4.4 Conclusions

In summary, a series of high-performance VMS; based anode materials for SIBs
were successfully synthesized with different V:Mo molar ratios in the precursors
through a facile one-step hydrothermal method. The experimental and DFT calculation
results revealed that the V mediating in the structure of MoS: not only significantly
enhanced the conductivity, but also greatly increased the electrochemical kinetics with
dominated the pseudocapacitive contribution for the sodium ion storage. As a result,
the VMoS, material named VM-43 prepared with the V:Mo molar ratio of 4:3 was
found to have the disordered structure with rich defects, and exhibited high reversible

capacity (i.e., maintaining at 548.1 mAh g'! over 80 cycles with 100 mA g'!), excellent
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cycling stability (i.e., maintaining at 451.6 mAh g over 800 cycles with 2 A g'!') and
superb rate performance (maintaining 207.4 mAh g! with 20 A g'!). It is expected that
this the novel electrode material preparation strategy could significantly decrease the
cost, increase the electrochemical performance, and promote the commercialization of

SIBs.
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CHAPTER 5 Controllable synthesis of novel orderly layered
VMoS2 anode materials with super electrochemical

performance for sodium ion batteries

5.1 Introduction

Recently, sodium ion batteries (SIBs) have been widely considered to be the
possible alternatives of lithium ion batteries (LIBs) in field of energy storage owing to
the rich sodium resource in the world[1-4]. However, compared with Li", Na” with a
larger radius is not conducive to the intercalation between graphite layers of
commercial graphite based anodes [5, 6]. To date, it is still full of challenges to develop
suitable anode materials with excellent electrochemical performance for the SIBs.
Carbon material[7], metal oxide[8], metal sulfide[9], and alloy[10] based anodes have
been developed and applied in the SIBs. Typically, MoS., as a kind of layered metal
sulfide, has drawn numerous attentions since it has larger interlayer spacing as well as
higher theoretical capacity [11, 12]. Unfortunately, the pure MoS; has poor electrical
conductivity, slow reaction kinetics and large volume change in the process of
intercalation/deintercalation, resulting in short cycling life and low rate capacity [13,
14], which need to be conquered.

To solve the above issues, various strategies such as nanostructure designing,
electrolyte selecting, voltage range cutting off, and electrode materials searching have
been adopted[15-22]. By using these strategies, increased Na' storage sites, shortened

pathway for Na® transmission, enhanced conductivity, and/or buffered volume
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expansion could be realized. For instance, Ye et al. [23] synthesized MoS> anode
material with mixed phases for SIBs, which showed specific capacities of 200 mA h g’
'@0.1 Ag'land 154 mAhg'@l A g'ina0.4-3 V voltage range, respectively. Even
though it displayed a good cycling stability, the reversible capacity was still low so that
it could not meet the demand of application. Wang et al.[24] fabricated a
C@MoS:@polypyrrole (PPy) anode material, which showed a remarkable specific
capacity of 713 mA h g'@0.1 A g and excellent cyclability with a specific capacity
of 295 mA h g'@5 A g' in 500 cycles. However, the fabrication process was too
complex so that this anode was not suitable for the commercial SIBs. Therefore,
fabrication of suitable anode materials with remarkable property for SIBs via facile
methods is still necessary.

Herein, a novel orderly layered VMoS> (OL-VMS) material was synthesized
through a simple self-assembly hydrothermal approach followed with a calcination
treatment process. This material had an interesting nanostructure with stacked
nanosheets, which could offer abundant storage sites for Na*, vertical paths to promote
the Na" diffusion, and a stable framework to buff the volume change during the
intercalation/deintercalation of Na*. As it was used as the anode material, a remarkable
specific capacity of 602.9 mAh g™! was obtained at 0.200 A g'. Furthermore, after 190
cycles at 2 A g, the OL-VMS based anode still exhibited an outstanding specific
capacity of 534.1 mAh g’!. In addition, under the condition of large current density of

5 A g'!, a specific capacity of 452.8 mAh g™! was achieved.
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5.2 Experimental

5.2.1 Synthesis of OL-VMS

The OL-VMS material was simply synthesized as follows. Firstly, 0.234 g of
NH4VOs3 and 0.3629 g of NaxMoO4=H20 were dissolved in 30 ml of distilled water with
0.25 ml ammonia solution with ultrasonic treatment. Secondly, 2.4g of C2HsNS (TAA)
was added into the above solution and vigorously stirred for 30 min. Then, the obtained
homogeneous suspension was transferred into a 50 ml Teflon-lined sealed autoclave,
which was placed at an oven with a temperature of 220 °C for 24 h. After cooling down
to room temperature, the black product was collected by centrifugation and
successively washed with distilled water and ethanol for several times, and then dried
at 60 °C in a vacuum oven for 12 h. Finally, the product was calcined at 300 °C for 1 h
in argon atmosphere. For comparison, the OL-VMS materials synthesized with
different amounts of ammonia solution and reaction periods were also obtained using

the same process.

5.2.2 Characterizations

Scanning electron microscope (SEM, SU8010, Hitachi, Japan) with an energy
dispersive spectrometer (EDS, Horiba, Japan) was used for characterizing the
morphology and elemental distribution at an operation voltage of 15.0 kV. While, high-
resolution transmission electron microscope (HRTEM) image was obtained on a JEM-
2100F TEM with an accelerating voltage of 200 kV. X-ray diffraction (XRD) analysis

was carried out by an X-ray diffractometer (XRD, Smartlab 9kW, Rigaku, Japan) with
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a CuKa X-ray source (A=1.5418 A). The X-ray photoelectron spectrum (XPS) was
determined on a VG ESCALAB 250 spectrometer (Thermo Electron, UK) using an Al
Ka X-ray source (1486 eV). Raman spectrum was recorded with a Renishaw inVia

Raman spectrometer using an excitation wavelength of 532 nm.
5.2.3 Electrochemical measurements

To prepare working electrode, 75 wt % of the synthesized OL-VMS material, 15
wt% of super p and 10 wt% of polyvinylidene fluoride (PVDF) were mixed together in
N-methyl pyrrolidone (NMP) to form a slurry at first. Then, the obtained slurry was
pasted onto a copper foil and dried in a vacuum oven at 80 °C overnight. The amount
of OL-VMS material coated on the copper foil was calculated to be ~ 0.9 mg cm™ for
each electrode. For comparison, the working electrode with a loading amount of ~ 2 mg
cm? without super p was also prepared through the same process (OL-VMS material :
PVDF = 95 wt% : 5 wt%). The electrolyte was 1 M sodium trifluomethanesulfonate
(NaCF3S03) in diglyme (DGM). 2032-type coin cell used in this study was assembled
in an argon-filled glove box, in which sodium metal foil and Whatman GF/F were used
as the counter electrode and separator, respectively. Galvanostatic charge/discharge
measurements were recorded by a battery testing system (LAND CT2001A model,
Wuhan LAND Electronic. Ltd) with different voltage ranges of 0.3-3 V, 0.2-3 V, 0.1-3
V, and 0.01-3 V. Cyclic voltammograph (CV) measurement was performed on an
electrochemistry workstation at a scan rate of 0.1 mV s™!. Electrochemical impedance

spectrum (EIS) was recorded over a frequency range of 0.01 Hz-100 kHz.
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5.3 Results and discussion

5.3.1 Characterizations

To explore the formation of OL-VMS with the special structure, the OL-VMS
synthesis with different amounts of ammonia solutions were carried out. Figure 5.1
shows SEM images of different OL-VMS samples prepared with different amounts of
ammonia solutions, i.e., 0, 0.5, 1 and 2 ml. In the absence of ammonia solution, a
flower-like morphology was obtained (Figure 5.1 a and b). When 0.25 ml of ammonia
solution was added, the layered orderly arrangement structure formed by stacked
nanosheets with a diameter of 200 nm was clearly observed in 24 h (Figures 5.2a and
b). With the increasing of ammonia solution amount, the morphology of the orderly
layered structure became more and more ununiform (Figures 5.1 c-h). For example, as
the added ammonia solution was increased to 1 and 2 ml, the nanosheets with a larger
diameter of ~500 nm coexisted with those nanosheets with a diameter of 200 nm
(Figures 5.1 e and g). Thus, controllably addition of appropriate ammonia solution

amount should be conducive to the formation of more orderly layered structure.
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Figure 5.1 SEM images of OL-VMS synthesized with different amount of ammonia

solution: (a and b) 0 ml, (c and d) 0.5 ml, (e and f) 0.1 ml, and (g and h) 2 ml.
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10 nm
]

Figure 5.2 (a and b) SEM images of OL-VMS, (c¢) EDS elemental mappings of S, Mo,
and V, (d) TEM and (e and f) HRTEM images of OL-VMS.

While, Figure 5.3 shows SEM images of OL-VMS samples synthesized with
different hydrothermal synthesis time. One can see that the orderly layered structure
with a short length was formed in the first 3 h (Figures 5.3 a and b). In addition, the

single-layer nanosheet was also observed in this stage (Figure 5.3b), indicating that the
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single-layer nanosheet should be firstly formed at the beginning stage of reaction. Then,
with the increasing of hydrothermal synthesis time from 3 to 18 h, the length of the
pillar with the orderly layered structure became longer and longer gradually (Figures
5.3 c-h). In the following sections, the OL-VMS prepared with 0.25 ml NH4OH and 24
h reaction will be mainly characterized and discussed since it showed the best
performance in the preliminary experiments. Based on these SEM observations, the
formation mechanism of OL-VMS with layered orderly arrangement structure could be
illustrated in Figure 5.4. Herein, due to the lowest energy of 002 plane of MoS; crystal,
the MoS; nanosheet could be formed along the 002 plane during the hydrothermal
process at first. Then, the NH4" from NH4OH in solution would absorb on the surface
of the formed nanosheet so that the nanosheet was positively charged. As such, MoO4*
and VOs3™ anions in the solution were also adsorbed on the positively charged nanosheet
surface through electrostatic interaction. Thereafter, the anions could be reduced by
TAA to form the other VMS nanosheet, which would be stacked together with the first
VMoS: nanosheet. This nanosheet stacking process should be proceeded continuously
during the hydrothermal synthesis as the reaction time increases. Finally, the orderly
layered structure was obtained as shown in Figures 5.2a and b. Figure 5.2¢ shows EDS
elemental mappings of various elements on the surface of obtained OL-VMS sample.

Obviously, the elements of Mo, S and V were uniformly distributed.
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Figure 5.3 SEM images of OL-VMS samples prepared with different hydrothermal

synthesis time: (a and b) 3 h, (c and d) 6 h, (e and f) 12 h, and (g and h) 18 h.
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Figure 5.4 Schematic illustration of the OL-VMS fabrication procedure.

The nanostructure of OL-VMS was further observed by TEM measurement. From
Figure 5.2d, it was obviously seen that the orderly layered structure with a diameter of
200 nm was consistent with the SEM observation (Figures 5.2a and b). Figures 5.2¢
and f present HRTEM images at different parts. It was clearly seen that a smaller
interlayer spacing of ~ 0.6 nm was observed when compared with that of pure MoS:
(0.615 nm). The smaller interlayer spacing in the OL-VMS could be resulted from the
replacing of Mo atom in the framework of MoS: by the V atom. In addition, after the
addition of V species, the (002) plane of MoS> became chaotic and discontinuous,
resulting in more defects in the OL-VMS sample (Figures 5.2¢ and f), which could offer

abundant Na" storage sites.

Figure 5.5a displays the typical XRD spectra of the obtained OL-VMS samples,
in which four main peaks located at 26=14.56°, 33.07°,39.51°, and 58.29° are attributed
to the (002), (100), (103) and (110) planes of 2H-MoS, (JCPDS No. 37-1492),
separately [25]. It should be noted that no peaks relating to the impurities were found,
indicating that the pure phase OL-VMS was obtained. Moreover, the position of peak

corresponding to the (002) plane was just located in between (002) plane peak of MoS:
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and (001) plane peak of VS,, revealing that the interlayer spacing of OL-VMS should
be larger than that of VS, but smaller than that of MoS.. In addition, based on Bragg’s
Law, the calculated distance between interlayers was 0.6 nm, which was consistent with
the HRTEM observation (Figures 5.2¢ and f). Notably, the characteristic peaks of VS,
were not detected from Figure 5.5a, indicating the formation of new phase due to the
incorporating of vanadium into the nanostructure of MoS>. As indicated above, it

caused smaller interlayer spacing.

© Mos, JCPDS No. 37-1492 | (b)
- VS, ICPDS No. 89-1640
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Figure 5.5 (a) XRD pattern and (b) Raman spectrum of OL-VMS sample.

Figure 5.6 shows XRD spectra of those OL-VMS samples prepared at different
conditions. One can see that all XRD spectra were similar, revealing that they had the
same crystalline structure. In order to further verify the nanostructure of OL-VMS
sample, Raman spectrum analysis was also measured. Since the Raman spectrum of
MoS:; is almost the same as that of VS, [26-28], as shown in Figure 5.5b, three peaks
appeared at ~ 290, 388, and 410 cm™! corresponded to Eig, E'2, and Aj modes of MoS;
as well as VSy, respectively. In particular, the peak observed at ~150 cm™! indicated the

presence of V-S bonds in the framework of MoS; [29, 30], which was consistent with

121



the above XRD result. Moreover, since the previous works have certificated that the
positions of 1T phase of MoS> and VS; in Raman were similar [26,31], the 1T and 2H

phase should coexist in the structure of OL-VMS.
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—3

AN N

Intensity / a.u.

i

60 70 80

10 20 30 40 20
2 theta / °
Figure 5.6 XRD patterns of OL-VMS samples prepared at different conditions.

Figure 5.7 displays the XPS survey spectrum and high-resolution XPS spectra of
Mo 3d, V 2p, and S 2p for the OL-VMS. The peaks corresponding to V, Mo, and S were
clearly observed (Figure 5.7a), indicating the co-existing of S, Mo and V species in the
framework of obtained OL-VMS sample. In high-resolution XPS spectrum of Mo 3d
(Figure 5.7b), four peaks were observed. Among them, two strong peaks located at
228.4 eV and 231.5 eV were ascribed to Mo*" 3ds» and Mo*" 3ds2, respectively [31].

While, the small peaks appeared at 235.8 eV and 225.9 assigned to Mo®" and S 2s,
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respectively. Herein, the presence of Mo®" should be produced by the oxidation process
on the surface of MoS> [32]. For V 2p, four peaks at 513.3, 521.0, 517.5 and 524.8eV
corresponding to V2 2pspn, V2 2pin, V¥ 2psn and V¥ 2pip, respectively, were
observed (Figure 5.7¢). Herein, the formation of V* should be resulted from the strong
reducibility of S?[33], which was produced from the decomposition of TAA at high
temperature. The high-resolution XPS spectrum of S 2p was consisted of four peaks
located at 164.1, 162.8, 161.7 and 161.0 eV, respectively(Figure 5.7d), in which the two
peaks in the low binding energy were attributed to S** 2p1,2 and S* 2psp, separately [34].
While, in the high binding energy, there were two peaks corresponding to S°, S*», which
should be produced by the decomposition of excessive TAA in the process of synthesis
[35, 36]. Combining these XPS analysis results with the above HRTEM, XRD and
Raman analyses, it revealed that some parts of molybdenum in nanostructure of MoS»

should be replaced by vanadium, leading to the formation of VMoS..
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Figure 5.7 (a) XPS survey spectrum of OL-VMS; High-resolution (b) Mo 3d, (¢) V 2p

and (d) S 2p spectra of OL-VMS.

5.3.2 Electrochemical performance

The CVs of the OL-VMS based anodes were collected under the condition of 0.1
mV s within a voltage range of 0.1-3 V. Figure 5.8a displays the first three cycles of
CVs for the OL-VMS based anode, in which four cathodic peaks at 2.3, 1.9, 1.37, 0.3
V as well as two anodic peaks at 2.22 and 1.55 V appeared. Herein, the cathodic peaks
at 2.3, 1.9 and 1.37 V could be assigned to the intercalation process between the
interlayers while the last peak of 0.3 V corresponded to the formation of Na>S with

metal Mo and V during the conversion process. Herein, the intensity of cathodic peak
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located at 0.3 V disappeared and the CV curve maintained almost unchanged after the
first cycle (Figure 5.8a), which could be assigned to stable solid electrolyte interphase
(SEI) layer produced by the ether-based electrolyte after the first cycle. Meanwhile, the
peaks at 1.55 and 2.22 V in the first anodic scan should be assigned to either the
formation of MoS; during conversion process or the deintercalation of Na" from the
interlayers.

Figure 5.8b shows the galvanostatic charging-discharging curves of 1%, 2" and 5%
cycle for OL-VMS based anode, which were tested at 0.2 A g™ within voltages ranged
from 0.1 to 3 V. Herein, high specific capacities of 791.8 and 646.4 mAh g! for the
first cycle with a high initial Coulombic efficiency (CE) of 81.6% were obtained.
Subsequently, after 5 cycles, the specific capacity was 602.9 mAh g! with a CE of ~
100%. Herein, the electrolyte with ether solvent could produce a stable SEI layer on the
electrode surface, leading to a high initial CE [37]. The long cycling stability at 2 A g’
! was measured. From Figure 5.8c, it was obviously seen that the anode delivered a
stable specific capacity with 534.1 mAh g until 190" cycles. Furthermore, as another

evaluation standard, the rate performance for OL-VMS based anode was also
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Figure 5.8 (a) Typical CV curves of the OL-VMS based anode in the first three cycles
under condition of 0.1 mV s within a voltage range from 0.1 to 3 V; (b) Typical
galvanostatic charging/discharging curves in the 1%, 2", and 5™ cycles for the OL-VMS
based anode at 0.2 A g!; (c) Stability measurement of the OL-VMS based anode at 2
A g'!; (d) Rate capability of the OL-VMS based anode; (e) Long cyclability of the OL-

VMS based electrode at SA g
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measured. As displayed in Figure 5.8d, the OL-VMS based anode exhibited reversible
capacities of 601.4, 586.2, 564.2, 527.7, and 452.8 mAh g'at 0.2,0.5, 1,2, and SA g
!, separately. Furthermore, it was worth noting that the reversible capacity was
rebounded to 550 mAh g™! after the current density was changed to 0.2 A g'! again. Most

importantly, when the cycling stability was tested at 5 A g'!, the OL-VMS-based anode

also performed an excellent cycling capacity of 497.5 mAh g! with a CE near 100%.
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Figure 5.9 (a) Cycling performances of the OL-VMS based anode at a current density
of 2 A g! in different voltage ranges of 0.3-3, 0.2-3, and 0.01-3V; (b) Cycling
performance of the anode with the flower-like sample (prepared without ammonia
solution) at a current density of 2 A g”! in the voltage range of 0.01-3V;

As shown in Figure 5.9a, the cycling stabilities under different voltage ranges of
0.3-3, 0.2-3 and 0.01-3 V were also conducted at 2 A g!. After 200 cycles, the stable
reversible capacities of 511 and 487 mA g™! were achieved under the voltage condition
0f 0.3-3V and 0.2-3 V, respectively. Interestingly, even the voltage range was extended
to 0.01-3 V, until 100 cycles, the obtained OL-VMS based anode still delivered an
outstanding specific capacity of 626.4 mA g'. In contrast, under a same voltage

condition as that on OL-VMS based anode, the cycling life of the anode based on VMS
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with the flower-like morphology prepared in the absence of NH4OH was tested at 2 A
g’!. From Figure 5.9b, it was clearly seen that the reversible capacity decreased quickly
from 642.4 to 331.7 mA g™ with the increase of cycle, revealing that the anode with the
orderly layered structure had better cycling stability when compared with that with the
flower-like structure. Herein, the specific orderly layered structure could effectively

buff the volume change during the process of discharging/charging.
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Figure 5.10 Cycling performance of the OL-VMS based anode with (a) in the case
without conductive carbon addition and (b) high loading amount at a current density of
1 A g’ in the voltage range of 0.3-3 V.

Most interestingly, even in the case without the conductive carbon additive (Figure
5.10 a), the OL-VMS based anode with 2 mg cm™ loading amount also exhibited a
remarkable specific capacity of 322.6 mA g™ after 30-cycle testing at 1 A g'. Such a
remarkable specific capacity in the absence of conductive carbon could be owing to the
improved metal-like conductivity caused by vanadium mediating[38]. In contrast, the
stability of electrodes with higher loading amounts of 1.8 and 4 mg cm was also
measured. As shown in Figure 5.10 b, after 130 cycles, the OL-VMS based anodes with

1.8 and 4 mg cm’!' loading amounts exhibited 430.6 and 223.6 mA g' at 1 A g,
128



respectively. Table 5.1 compares the electrochemical performance of the present OL-
VMS based anode with other VS, and MoS; based ones. Obviously, compared with
most VS, and MoS; based anodes, this OL-VMS based anode exhibited a higher
specific capacity. Thus, such an OL-VMS material should be a potential anode material

candidate for the SIBs.
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Table 5.1 Comparison of electrochemical performance of the present OL-VMS based

anode with the reported MoSz and VS based ones.

Electrode Voltage Electrolyte Performance Reference
range
MoS,-C hollow0 43V IM NaSO;CF; in506 mAhg'at0.1Ag! 2]
rhomboids ' diglyme 324mAhglat5Ag!
IM NaClO4in EC,606 mAh g'at0.2 A g
Mo5>-G 0015V DEc and FEC  345mAhglat1.6A g1
IMNaClO4inEC,513 mAh g'at0.1 A g’
MoSy@graphene  0.01-3V b A FEC 3584 mAhglat5A g *0)
Mixed phase MoSz0 43V IMNaClO4in EC,200mAh g'at0.1 A g 23]
nanowires ' DEC,and FEC 113mAhg'at5Ag!
. IM NaSO3CF3 in558 mAhg'at0.1Ag!
B M - ) 41
1255/ MoS 013V diglyme 3304mAhg'at5A g'l[ ]
0.005-3 1M NaSO;CF3 in480 mAhg'at0.1 Ag’!
M F-MP 42
0S/NC \Y diglyme 374mAhglat2Ag! [42]
1M NaClO4 in PC750 mAh g'at 0.2 A g!
MoS,/SnS 013V and FEC 493mAhglat5Ag! [20]
1M NaClO4in EC,540 mAh g'at 0.2 A g!
CNF@VS: 0013V DMC, and EMC 365mAhg'at5Ag! [43]
. IM NaSOsCF3 in600 mAh g'at0.1 Ag’!
Flower-like VS 0.3-3V diglyme 400mAh g at5A gl [44]
IM NaSOsCF3 in250 mAhg'at02A g
VS,-SN 043V . 45
S2-SNSs diglyme 203mAhglat5Ag! L]
IMNaClO4in EC,700 mAh g'at0.1A g’
VS2 nanosheet 0.01-3V DEC, and FEC 400 mAh gl at2 A g [46]
IM 1041n EC,4 Ahg'! JAg!
VS, HFS/RGO 0.12.5y MNaClOsnECA30mA hg at01A g™ o)

PC, and FEC 350mAhglat2Ag!

602.9 mA h g at 0.1 A
IM NaSO:CFs in_, JmAhg a

OL-VMS 0.1-3V .
diglyme

This work

4528 mAhg'lat5Ag!

OL-VMS 0.01-3y M NaSOCEs I, 0 ) Ah g at 2 A gl This work
diglyme

DME : Dimethoxyethane; EC : Ethylene carbonate; DEC : Diethyl carbonate; PC :

Propylene carbonate; EMC : Ethyl methyl carbonate; FEC : Fluoroethylene carbonate.
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5.3.3 Electrochemical Kinetics

It has been proven that the charge storage mechanisms include following two parts:
one is the surface controlling process (pseudocapacitive), and the other is the diffusion-
controlling process[48, 49]. Thus, the following equation could be adopted to evaluate
the mechanism of this material [50, 51]:
i=av’ (1)

where v and i are scan rate and current, respectively, and a and b are adjustable. In
general, b-value should be in a scope of 0.5-1. The b-value of 1 stands for a surface-
controlling process whereas the b-value approaching to 0.5 represents the other charge
storage mechanism. To further evaluate the mechanism of charge storage for OL-VMS

based anode, the CV curves measured at 0.1, 0.3, 0.5, 0.7, 0.9, 1.2, and 1.5 mV s™' were
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Figure 5.11 (a) CV curves of the OL-VMS based anode at different scan rates from 0.1
to 1.5 mV s’!; (b) Fitting line of log i vs. log v plots for peaks 1, 2, 3 and 4; (c) The
calculated contribution of capacitive at 1.5 mV s’'; (d) The content of capacitive

contribution for OL-VMS at virous scan rates from 0.1 to 1.5 mV s™'.

collected (Figure 5.11a) and based on them, a linear correlation between the log i and
log v for each peak was obtained (Figure 5.11b). According to the linear fitting, the b-
values of the peaks 1, 2, 3 and 4 were calculated to be 0.96, 0.95, 0.96 and 0.98,
respectively. It should be noted that all of these b-values were close to 1, revealing a
dominant surface-controlling process by using such an OL-VMS based anode, which

was benefit for the fast charge transport as well as excellent rate performance.
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Furthermore, the total current was composed of two parts: one corresponds to the
current of capacitive (surface-controlling process), and the other is ascribed to the
current of diffusion process, which could be calculated by the following equation [52]:
i=kiv+ kov'? (2)

where k1 and k» are adjustable parameters, v corresponds to the scan rate, and i stands

for value of current; k1v and kyv'"?

stand for the current values contributed by surface-
and diffusion- controlling processes, separately. According to the k1 and k> values based
on the Eq. (2), the contributions of capacitive at various scan rates can be known. Figure
5.11 ¢ shows the capacitive contribution of the OL-VMS-based anode at 1.5 mV s}, in
which a high contribution of 95.92 % was achieved. Meanwhile, the contributions of
capacitive process at various scan rates were also known and summarized in Figure
5.11d. The OL-VMS-based anode displayed a series of high capacitive contributions of

85.41, 87.76, 89.87, 91.45, 92.81, 94.44, and 95.92 corresponding to 0.1, 0.3, 0.5, 0.7,

0.9, 1.2, and 1.5 mV s7!, respectively, revealing an outstanding charge transfer kinetics.

5.3.4 EIS analysis
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Figure 5.12 (a) EIS Nyquist plots of the OL-VMS-based electrode after 1%, 5%, 10%,

and 20" cycles (inset: equivalent circuit); (b) the linear fitting between Z' and o™,

Table 5.2 Fitting results of Nyquist plots based on the equivalent circuits after 1%, 5%,

10™, and 20™ cycles.
Cycle R Ret
1% 8.45 19.12
sth 8.51 13.56
10t 9.17 10.52
20t 8.82 11.85

Figure 5.12a shows Nyquist plots measured after 1, 5, 10, and 20 cycles at 0.2 A
g'! for OL-VMS based anode. Generally, the Nyquist plot consists of two sections: one
is a semicircle in high frequency region, which is indexed to Warburg impedance (Zy)
relating to the Na* diffusion; the other is a slope line in the low frequency region
assigning to charge-transfer resistance (Rc) [12, 53]. According to the equivalent circuit,
the R.: values were calculated to be 19.12, 13.56, 10.52, and 11.85 Q after 1, 5, 10, and

20 cycles, respectively (Table 5.2). Obviously, the R, of the OL-VMS based anode
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decreased gradually with the increasing of cycle, which could be attributed to the stable
SEI layer formation and the enhanced electronic transfer kinetics [43, 54]. Furthermore,
at the low frequency region, the slope line related with Warburg impedance was

analyzed to evaluate diffusion of Na" by using the following two equations [24, 55]:

Z' = Rg + Ry + 0,0 > (3)
R?T?
D = mrcaag @

where oy 1s the Warburg impedance coefficient. According to the linear fitting between
Z' and 0 (Figure 5.12b), the value of Warburg impedance coefficient can be
calculated based on the slope of fitting line. Herein, the low Warburg impedance
coefficient means the high Na* diffusion coefficient (D) according to Eq. (4), indicating
the fast diffusion of Na. With the increase of cycle numbers, the Warburg coefficient
gradually decreased from 53.95 to 31.43, revealing a fast Na" diffusion, which could
be attributed to expansion of interlayer spacing during the charging/discharging process

[56].
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Figure 5.13 SEM images of (a, b) OL-VMS and (c, d) VMS with flower-like structure

after 1 and 10 cycles.
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Figure 5.14 [Illustration of pulverization of different structure during
intercalation/deintercalation of Na*.

To prove the structural stability, the SEM images of OL-VMS with orderly layered
structure and the VMS with flower-like structure after cycling test were observed. As
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shown in Figure 5.13, after 1 cycle (Figure 5.13 a and ¢), the structures of both materials
were still maintained. However, after 10 cycles, the orderly layered structure of OL-
VMS was still kept (Figure 5.13 b) but the flower-like structure of the VMS was totally
pulverized (Figure 5.13 d). Based on the above results, the OL-VMS with the orderly
layered structure should be more difficult to pulverize during the ion
intercalation/deintercalation process as illustrated in Figure 5.14, resulting in excellent
cycling stability. In contrast, the VMS with the flower-like structure was more easily

pulverized, leading to a short cycling life.

5.4 Conclusions

In conclusion, a novel orderly layered VMoS, anode material was successfully
obtained using a facile self-assembly hydrothermal way followed with a heating
treatment process, which displayed an excellent electrochemical performance due to
the specific nanostructure. It is found that more defects could be exposed at the edges
of stacked nanosheets to offer abundant storage sites for Na®, which effectively
enhanced the specific capacity. Meanwhile, the orderly stacked nanosheets with vertical
path and stable framework facilitated Na" transportation, which effectively promoted
the rate performance and buffed the volume expansion during the
intercalation/deintercalation process, causing good cycling stability. In consequence,
the OL-VMS anode material possessed a remarkable specific capacity (602.9 mAh g’!
@200 mA g, excellent cyclability (534 mAh g after 190 cycles at 2 A g'!) and

superior rate capacity (452.8 mAh g'@5 A g!) in the cut-off voltage range of 0.1-3 V.
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Moreover, OL-VMS based anode also showed outstanding specific capacity of 626.4
mAh g! even after 100 cycles at 2 A g™!. In addition, in the case without the conductive
carbon addition, it still delivered good electrochemical propertiesd with a high specific
capacity (260 mAh g''@1 A g'! after 130-cycle in 0.3-3 V voltage range). This work
supplies an effective strategy to simply synthesize layered materials for achieving high
electrochemical performance, which could significantly improve the energy density and

reduce the cost toward commercialization.
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CHAPTER 6 Conclusions and Prospects

6.1 Conclusions

Sodium ion battery (SIBs) are considered as an attractive candidate of Lithium ion
battery (LIBs) due to the low cost of sufficient sodium resource and their comparable
suitability in field of energy storage. Thus, numerous researchers have developed
effective strategies to fabricate anode materials with excellent electrochemical
performance. In this work, three different strategies, i.e., 1T and 2H phase mixing, V
mediating and morphology designing with voltage cutting off, are applied to enhance
the performance of MoS:-based anode. It is found that the above strategies can
effectively increase the electrochemical performance due to high conductivity, stable
structure, and suitable voltage range. The following conclusions are achieved:

(1) The effective strategies such as morphology design, structural engineering,
electrolyte selecting, doping or combination with non-carbon material, and
combination with carbon material, for enhancing electrochemical performance of

layered metal sulfide are comprehensively summarized and analyzed (Chapter 1).

(2) The MoS2-MS anode material with 1T/2H phase is successfully synthesized by a
one-step hydrothermal method. The obtained MoS;-MS is confirmed to have
disordered structure, rich defects and large interlayer spacing. As it is used as the
anode material for SIBs, the MoS,-MS-based anode displays a highly stable specific
capacity of 467 mAh g™ over 100 cycles at 100 mA g, good cycling stability with

a specific capacity of 412 mAh g™ over 500 cycles at 1 A g’!, and superb rate
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performance with a maintaining specific capacity of 100 mAh g!' at 20 A g’!. Such
an excellent electrochemical performance is considered to be ascribed to its specific
structure. Especially, the 1-T phase presented in the disordered structure enhances
the electrical conductivity, the rich defects provides more active sites for Na* ion
storage and the large interlayer spacing facilitates the diffusion of the Na" ions. This
work might provide a strategy to increase the electrochemical performance and
decrease the cost for developing electrode materials in energy storage field

(Chapter 3).

(3) A series of high-performance VMS; based anode materials for SIBs are successfully
synthesized with different V:Mo molar ratios in the precursors through a facile one-
step hydrothermal method. The experimental and DFT calculation results reveals
that the V mediating in the structure of MoSz not only significantly enhances the
conductivity, but also greatly increases the electrochemical kinetics with dominated
the pseudocapacitive contribution for the sodium ion storage. As a result, the
VMoS: material named VM-43 prepared with a V:Mo molar ratio of 4:3 is found
to have the disordered structure with rich defects, and exhibits high reversible
capacity (i.e., maintaining at 548.1 mAh g over 80 cycles with 100 mA gV),
excellent cycling stability (i.e., maintaining at 451.6 mAh g over 800 cycles with
2 A g'!) and superb rate performance (maintaining 207.4 mAh g!' with 20 A g1). It
is expected that this the novel electrode material preparation strategy could
significantly decrease the cost, increase the electrochemical performance, and

promote the commercialization of SIBs (Chapter 4).
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(4) A novel orderly layered VMoS: anode material is successfully obtained using a
facile self-assembly hydrothermal way followed with a heating treatment process,
which displays an excellent electrochemical performance due to the specific
nanostructure. It is found that more defects could be exposed at the edges of stacked
nanosheets to offer abundant storage sites for Na*, which effectively enhances the
specific capacity. Meanwhile, the orderly stacked nanosheets with vertical path and
stable framework facilitates Na" transportation, which effectively promotes the rate
performance  and  buffes the  volume  expansion  during  the
intercalation/deintercalation process, causing good cycling stability. In
consequence, the OL-VMS anode material possesses a remarkable specific capacity
(602.9 mAh g! @200 mA g), excellent cyclability (534 mAh g! after 190 cycles
at2 A g'!) and superior rate capacity (452.8 mAh g"'@5 A g!) in the cut-off voltage
range of 0.1-3 V. Moreover, OL-VMS based anode also shows outstanding specific
capacity of 626.4 mAh g'! even after 100 cycles at 2 A g'!. In addition, in the case
without the conductive carbon addition, it still delivers good electrochemical
properties with a high specific capacity (322.6 mAh g'@1 A g in 0.3-3 V voltage
range). This work supplies an effective strategy to simply synthesize layered
materials for achieving high electrochemical performance, which could
significantly improve the energy density and reduce the cost toward

commercialization.
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6.2 Prospects

Even though several effective strategies for the preparation of MoS;-based

anodes have been designed and applied to improve the electrochemical performance, it

is still full of challenges for the commercialization of SIBs. In the future work, the

following issues should be resolved:

(D

2)

€)

Most of researchers have focused on how to improve the electrochemical
performance. However, few people pay attention to the low initial coulombic
efficiency of anode (below 90%) caused by decomposition of electrolyte and side
reactions. Therefore, the strategies for enhancing ICE such as developing new
electrolyte, adding additive and designing suitable structure should be considered

to promote commercialization of SIBs in the future.

Even though the strategies for synthesizing the MoS;-based anode with remarkable
performance are so effective, the most current methods are very complicated and
consume a lot of energy. Thus, it is practical and significant to fabricate novel
anode materials with well-designed nanostructure for SIBs via some simple

methods, which can largely decrease the cost and save energy.

Recently, researchers have made great progress in improving the electrochemical
performance of MoS:-based anode materials. However, few works explore the
reaction mechanism and kinetics during charging/discharging process. To further

understand the reaction mechanism and electrochemical reaction kinetics, the DFT
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calculations should be combined with in-situ characterizations to investigate the

mechanism during charging/discharging process.
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