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Abstract 

The tremendous development of mobile electronics and renewable energy 

technology facilitate the research on energy storage devices. Electrochemical energy 

storage system is an effective technique to store and release electricity reversibly. The 

rechargeable lithium ion battery as the conventional electrochemical energy storage 

system has a great development in recent two decades. However, it has hampered by the 

increasing cost of lithium resource and severe safety issues. Thus, the exploration of 

alternative rechargeable batteries is significant and emergent. Sodium and zinc-based 

batteries show the promising prospect because of the low cost and high safety, especially 

for the grid-scale energy storage system. In this thesis, the materials and mechanisms of 

sodium and zinc-ion batteries have been investigated. 

Two-dimensional layered transition-metal dichalcogenides (TMDs) are widely 

studied as anode materials in sodium-ion batteries (SIBs) in recent years. However, their 

storage mechanisms of sodium ions are vague. There are two problems, the first one is 

the reversibility of conversion reaction during cycles, and the second one is the specified 

potential ranges for conversion reaction and intercalation process. 

In chapter 3, the reversibility of the layered TMDs in SIB has been investigated. 

The thin nanosheets MoSe2 uniformly embedded within an N-doped carbon matrix was 

synthesized. Its electrochemical properties were measured in detail, which exhibited 

better rate and cycle performance than those of pure MoSe2 in SIB. And the storage 

mechanism of sodium ions was studied with ex-situ X-ray diffraction characterization, 

which revealed the irreversible conversion reaction of MoSe2 during the first cycle within 

the potential range from 0.01 to 3.0 V vs. Na+/Na.  

Meanwhile, layered TMDs, as the anode materials in SIBs, always suffer from the 

poor capacitance retention due to the damage of the layered structure, but the research on 

its protecting conditions is few. Moreover, some ex-situ measurements could be 

influenced by the ambient environment, so the direct and continuous observation with 

in-situ characterization techniques in working condition is highly significant. Herein, in 

chapter 4, the specified potential ranges of conversion reaction and intercalation process 

have been studied in detail. The MoS2-xSex/graphene foam was synthesized via a Se 

substitution reaction of S in MoS2/graphene foam. The controlled potential ranges were 

applied on MoS2-xSex/graphene foam in SIBs to investigate the triggering condition of 
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damaging the layered structure. The composition changes and crystal structure evolution 

are characterized by the combined in-situ Raman spectroscopy and ex-situ XRD 

measurements, which also revealed the specified potential ranges for conversion reaction 

and intercalation process. MoS2/graphene foam with only intercalation process shows 

better capacitance retention than that with intercalation process and conversion reaction 

simultaneously. And MoS2-xSex/graphene foam exhibited better rate performance than 

that of MoS2/graphene foam within the chosen potential range of intercalation process, 

which indicated the Se substitution of S in MoS2 is an effective method to enhance the 

electrochemical performance, owing to the expanded interlayer spacing. This work 

provides direct observation on mechanism study and effective strategy to improve the 

electrochemical performance.  

For the alternative battery of zinc-ion battery (ZIB), it has the advantages of low 

cost and high safety because of the cheap cost and aqueous electrolyte. Vanadium-based 

materials are one main type of cathode materials for ZIBs. However, the main studies are 

focused on the vanadium-based materials with high valence states of vanadium, such as 

the V4+ and V5+. The vanadium-based materials with low valence states have not been 

reported yet. Herein, the synchrotron-based in-situ X-ray diffraction and density 

functional theory (DFT) calculation have been applied to explore the materials. In chapter 

5, the VOOH with a low valence state (V3+) has been synthesized and investigated, as 

cathode material, in aqueous ZIB, which exhibited a high specific capacity and good rate 

performance. And the electrochemical reaction kinetics was studied with galvanostatic 

intermittent titration technique (GITT) and redox current contribution analysis. Its 

composition changes and crystal structure evolution were also characterized by 

synchrotron-based in-situ X-ray diffraction. Combined with density functional theory 

(DFT) calculation, a new storage mechanism of zinc ions in vanadium-based materials 

have been proposed. This work can provide an insight to explore new electrode materials 

for electrochemical energy storage. 

All in all, the elaborate control and design of experiments and advanced 

characterization techniques are effective strategies for material exploration and 

mechanism study. 
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Chapter 1 Introduction 

1.1 Background 

Energy is the fundamental power for the development of our world. In recent 

hundreds of years, people mainly utilize the fossil fuels, such as coal and oil, to develop 

our society, but the overconsumption of the fossil fuels results in the environmental 

pollution incidentally, so it is very significant to develop the renewable energy 

technologies. Some of them, such as solar cell and wind power generators, are 

intermittent and localized power suppliers, which need energy storage systems to store 

and release energy reversibly. Simultaneously, the increasing development of portable 

energy sources, such as portable electronics and electric vehicles, also facilitate the 

research on energy storage devices.1 

 

Fig. 1.1 Ragone plot of specific power against specific energy for various electrochemical energy storage 

devices. Times shown are the time constants of the devices.2 

 

Compared with other energy storage devices, such as flywheel and compressed air 

energy storage systems, electrochemical energy storage system can store and release 

electricity reversibly and directly with high efficiency and versatility through the 

electrochemical reactions during charge and discharge processes. For electrochemical 

energy storage systems, they have many types, for instance, rechargeable battery, 

supercapacitor, flow battery, fuel cell and so on. These electrochemical energy storage 
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systems have their characteristic features, which can be used in different environment, 

distinguishing by their different power and energy densities (Figure 1.12). Rechargeable 

batteries have tremendous development in recent years because of the rapid development 

of portable electronics and electric vehicles, especially the Li-ion battery.  

 

Fig. 1.2 The development of gravimetric energy densities for diverse electrochemical batteries.3 

 

For the rechargeable batteries, they have developed from the non-rechargeable 

batteries. Before the commercialization of LIBs in 1991 from Sony Corporation, there 

are several main kinds of rechargeable batteries, for instance, lead-acid battery, Ni-Cd 

battery and Ni-MH battery (Figure 1.2).3 But most of their markets are replaced by LIBs 

in recent years, because LIBs have some advantages, for instance, high open circuit 

voltage, high specific volumetric and gravimetric energy densities, low self-discharge 

effect, long cycling life, good environment compatibility and no memory effect. Thus, 

LIBs can be used in most environment, and their researches are so impressive. 

Researchers still promote and optimize their power and energy densities, which are 

limited by their electrochemical reaction principles and electrode materials. The 

conventional commercialized rechargeable LIB consists of the positive electrode and 

negative electrode, separating by an organic separator with porous and ion-selective 

features impregnated within organic electrolyte. The positive and negative electrodes are 

prepared by casting slurries, consisting of active materials (such as lithium metal oxide 

for positive material and graphite for negative material) with some specified additives, 

on aluminum and copper foils, respectively. However, the rapid development of LIBs 

results in the large demand for lithium resource, which brings about its increasingly high 

cost. Because the finite resource and uneven distribution of lithium element around the 
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world and the severe safety concerns of LIBs with organic electrolyte, many researchers 

have transferred their research fields into other metal ion batteries, for example, sodium 

ion battery, zinc ion battery, potassium ion battery and so on.4  

1.2 Introduction to sodium-ion battery 

1.2.1 Configuration and working mechanism 

LIBs suffer from the increasing cost and uneven distribution of lithium resource on 

the earth and severe safety issues, which have the potential crisis of satisfying the 

industrial demand and large-scale energy storage application, for instance, the electric 

vehicles and grid storage devices. Sodium ion battery (SIB), as one kind of rechargeable 

metal ion batteries, has the potential to be an alternative of LIB, because the sodium 

element is one kind of abundant resource and can be extracted from seawater, and its 

distribution is more even than that of lithium element in the world. It is known that 

sodium element has the similar physicochemical properties with the lithium element. 

Moreover, the SIB also has similar mechanism and configuration with LIB, although the 

sodium element endows a bigger diameter, higher redox potential (𝐸(𝑁𝑎+ 𝑁𝑎⁄ )
0 = −2.71 𝑉 

versus standard hydrogen electrode, 0.3 V above that of lithium element) and lower 

capacity density than that of lithium, which are the challenges of SIB to 

commercialization, especially the poor fast-charging capability for portable energy 

storage. The techniques of fabricating LIB and commercialized experience can be 

transplanted into SIB easily, such as the synthesis routes, fabrication facilities and inner 

structures. Thus, the SIB is the most promising alternative of LIB in the next decades.  

In terms of the electrochemical mechanism of the SIB, it is similar with LIB. The 

working principle and inner configuration of SIB are schematically presented in Figure 

1.35: 
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Fig. 1.3 Schematic illustration of Na-ion batteries.5 

 

The inner components consist of the positive electrode (also named cathode), 

negative electrode (also named anode), separator, electrolyte and current collectors. The 

cathode materials and anode materials are coated on current collectors, and the separator 

is porous and insulated. The electrolyte is one kind of materials with the features of ionic 

conduction and electric insulation. The principle of electrochemical energy storage is 

reversible electrochemical reactions, which lead to the reversible transition between 

chemical energy and electricity. During the charge process, the cell will be applied an 

external power, and electrons will be introduced into the anode through the current 

collector from the outside circuit. Simultaneously, sodium ions will be extracted from 

the cathode side and inserted into the anode side crossing the separator and electrolyte. 

The electricity has been transferred into electrochemical energy and the potential of the 

cell will increase. As for the discharge process, the electrochemical energy will be 

changed into electricity and the potential of the cell will decrease. The sodium ions will 

be deintercalated from the anode and intercalated back into cathode, and the electrons 

will be released into external circuit. The reversible extraction and insertions of metal 

ions during charge and discharge processes are basic principles of rechargeable metal ion 

batteries.  

1.2.2 Materials in sodium-ion battery 

In this part, the materials in SIBs will be introduced in detail, which mainly contain 

the cathode materials, anode materials and electrolytes.6 
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Fig. 1.4 Voltage–capacity plots of various cathode and anode materials for NIBs.6 
 

Cathode materials 

In terms of the cathode materials of SIB, they should be a series of materials that 

can accommodate sodium cations, and sodium ions can be reversibly deintercalated from 

and intercalated in them. Considering the enough potential of the battery, cathode 

materials should have the reasonably potential beyond 2 V to that of sodium element. 

Because the sodium cation has a larger diameter than that of lithium cation (0.98 Å for 

sodium cation and 0.69 Å for lithium cation), the application of cathode materials in SIB 

has several challenges, including the low ion mobility, severer volume change and 

structural degradation during the long-term cycle. Herein, this part will summarize the 

most-recent development of cathode materials.6-8 

One kind of cathode materials is metal oxide, which mainly contains the layered 

oxide and tunnel oxide. As for the layered oxides, they have three kinds of types, 
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including O3, P3 and P2-phase layered oxides (in Figure 1.5).9 O3 and P2-phase layered 

oxides are common cathode materials. The crystal structure of O3-phase is in the 

formation of closely packed ABCABC, and sodium layers and metal layers are 

surrounded by the oxygen ion framework. Sodium ions reside at the edge-shared 

octahedral sites with MO6 octahedra. In contrast, the sodium cations are stabilized at the 

trigonal prismatic sites in P2-phase layered oxides, which forms the ABBAABBA crystal 

structure. P3-phase layered oxides have the manner of ABBCCA formation, which can 

also be obtained by transferring from O3-phase layered oxides during intercalation and 

deintercalation of sodium ions. Compared with P2-type compounds, O3-type layered 

oxides can deliver higher reversible capacities, but they are still hindered by the poor air 

stability. P2-phase layered oxides have better cycling stability, because they have larger 

trigonal prismatic sites occupied by sodium cations, which can facilitate the 

transportation of sodium ions in their frameworks. Many types of sodium-based layered 

oxides can be named as NaxMO2 (M is Ni, Co, Mn, Fe, Cr, V, etc.). These layered oxides 

can be synthesized with solid-state reactions, hydrothermal reactions and co-precipitation 

techniques in air. For instance, NaMnO2 has a high theoretical capacity of 242 mAh g-1 

due to a highly active reaction couple of M4+/M3+.9 

 

Fig. 1.5 Patterns of crystal structures: a) O3-type layered oxides, b) P2-type layered oxides, c) O2-type 

layered oxides, d) birnessite-type layered oxides, and e) tunnel oxides. The capital letters (A, B, C) are 

used to describe the packing patterns of the oxygen-ion frameworks.9 

 

Another kind of oxides is tunnel-type oxide. In the framework, all M4+ ions and half 

of the M3+ ions locate at the octahedral sites (MO6), simultaneously, and other M3+ ions 

occupy the square-pyramidal sites (MO5), which form an orthorhombic structure. Two 

double and one triple octahedral chains link to the edge shared MO5 by the vertices, 
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which forms two types of tunnels, the large S-shaped tunnels (half-filling) and small 

tunnels (filling), which are also illustrated in Figure 1.5.9 Thus, sodium cations can be 

allowed to extract from and inserted into the forming tunnel structures along the c 

direction. The tunnel-type oxide of Na0.44MnO2 served as the cathode material has been 

studied completely in recent years, and it exhibits a theoretical specific capacity of 121 

mAh g-1.9 

The second main kind of cathode materials is the polyanionic compounds. They 

have the advantages of good structural diversity and stability, high operating voltage and 

good cycle performance, as one kind of common intercalation cathode materials, which 

motivate tremendous researches. In general, the compounds mainly contain phosphates, 

pyrophosphates, fluorophosphates, sulfates and mixed polyanions.10-11 Their typical 

crystal structures are presented in Figure 1.6.9  

 

Fig. 1.6 Crystal structures of: a) olivine NaMPO4, b) NASICON Na3V2(PO4)3, c) triclinic Na2MP2O7, d) 

orthorhombic Na2MP2O7, e) orthorhombic Na4M3(PO4)2P2O7, f) orthorhombic Na2MPO4F, g) monoclinic 

Na2MPO4F, and h) tetragonal Na3M2(PO4)2F3 (M represents transition metals).9  

 

The third kind of cathode materials is the Prussian blue, which have many analogues 

with the formation of AxMM′(CN)6 (A = Na, K; M and M′ = Fe, Co, Mn, Ni). In typical, 

Prussian blue analogs always have the cubic morphologies. Metal ions situate at the 

corners of cube and cyanide groups are linked along cube edges. The metal ions link to 

the cyanide groups with the carbon or nitrogen groups on the cyanides.12-13 A typically 

inner structure is illustrated in Figure 1.7.12 Because each unit contains eight subunit cells 

inside, one Prussian blue cubic structure has large interstitial space between metal ions 
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and cyanide groups, which can accommodate metal ions reversibly, for instance, Li+, Na+, 

K+, NH4
+, even alkaline earth divalent ions and zeolitic water insides. Most of Prussian 

blue analogs can be classified into two main kinds, KM[Fe(CN)6] and NaxM[M′(CN)6]. 

They show relatively high working potentials in SIBs. However, the organic groups in 

Prussian blue compositions have a low electrical conductivity. And their electrochemical 

performance is limited by the low specific capacities. These advantages and 

disadvantages arouse wide interests in investigating and promoting their electrochemical 

properties in SIBs. The first cathode made from Prussian blue was reported by 

Goodenough’s group in 2012 year13. They fabricated several kinds of open framework 

KMFe(CN)6 compounds (where M is Mn, Fe, Co, Ni and Zn) doped with different metal 

ions and then investigated their electrochemical properties in SIBs within an organic 

electrolyte. The highest reversible specific capacity of around 100 mAh g-1 was exhibited 

by KFe(II)Fe(III)(CN)6 in liquid-carbonate organic electrolyte. Just two years later, the 

specific capacity of Prussian blue as cathode material in SIB was improved two times. 

Cui’s group developed a new kind of Prussian blue analogue with eight large interstitial 

sites, manganese hexacyanomanganate, which showed a high specific capacity of 209 

mAh g-1.12 

 

Fig. 1.7 The typical crystal structure of PBAs contains a face-centered cubic phase. Owing to the lengthy 

CN bonds, subunit cells contain large interstitial sites.12 

 

The last main type of cathode materials is organic compounds. Organic compounds 

as the electrode materials in green rechargeable batteries provoke extensive interests 

because of their advantages of cheapness, flexibility, designability and recyclability.14 In 

terms of the organic cathode materials in SIBs, many kinds of organics have been 

investigated. The main types are organosulfur compounds, aromatic carbonyl derivatives, 

radical compounds, pethidine derivatives and functional polymers. In general, they 
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exhibit relatively low conductivities and specific capacities. Few of them have 

demonstrated promising electrochemical performance with relatively high working 

potential and high specific capacities simultaneously. As for the energy storage 

mechanisms of organic cathode materials, cation-intercalation and anion-intercalation 

have been proposed. The former is the intercalation and deintercalation of sodium cations 

coupled with electrochemical reactions in functional groups, the latter is the 

incorporation and extraction of anions from electrolyte in the organic compounds, 

regardless of metal cations. Recently, the rapid development of flexible and wearable 

electronics stimulates the exploration of organic cathode materials, even all organic 

rechargeable batteries.6, 15 

 

Anode materials 

In terms of anode materials, they should have the reasonable potentials below 2 V 

vs Na+/Na, comparing with cathode materials. The potential of full cell is calculated by 

the potential difference between cathode and anode. As for the requirements of anode 

materials, they should have high conductivity, low working potentials, high specific 

capacities, eco-friendly, cheap and stability in various working conditions. In terms of 

the storage mechanism of sodium ions, they can be classified into three main types: 

intercalation, alloying and conversion anode materials.14 

For the intercalation type of anode materials, sodium cations can intercalate into and 

deintercalate from their matrixes reversibly. Graphite is the most conventional anode 

material in LIBs, but it cannot be used in SIBs directly, because its interlayer spacing and 

thermodynamics are not favorable owing to the large diameter of sodium ion. The cheap 

cost and abundant resource still provoke the development on it. The graphite can be used 

by modifying with all kinds of functional groups and interlayer-expanding techniques. In 

terms of other kinds of carbon materials in SIBs, non-graphite carbon compounds are 

investigated tremendously, for instance, hard carbon, cokes and carbon blacks. Hard 

carbon is a good one, which can exhibit a theoretical capacity of 240 mAh g-1 with good 

cycle stability in some organic electrolytes. And some polymer-derived carbon is also 

studied as intercalation-type anode materials in SIBs, although they usually do not have 

much high specific capacities. Some oxides and sulfides are also explored as potential 

anode materials, such as Sb2O4 and all phases of iron oxides.16-17 Some kinds of layered 

NaMO2-type oxides can also be used as anode materials. For instance, Na2Ti3O7 can 

show an initial specific capacity of beyond 200 mAh g-1 due to the relatively low redox 
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potentials of Ti3+/4+.18-19 However, their electrochemical working potentials are relatively 

high compared with sodium metal. 

The second main type is alloying anode materials. They always have been expected 

to be the next-generation anode materials, especially to meet the requirements of high 

energy density in electric vehicles, owing to the advantages of high specific capacities 

and relatively low redox potentials. However, they have the shortages of huge volume 

expansion during alloying and deallying processes, which is the bottleneck of their 

commercialization.6 The silicon can be applied as anode material in LIBs with a high 

theoretical specific capacity, but it cannot be used in SIBs because of the unsuitable 

electrochemical activity. Other kinds of alloying-based anode materials have been 

discovered recently, such as Sn, Ge, P, Sb and their derivatives. Researchers fabricate 

compositions with these alloying materials and porous conductive materials, expecting 

trade off the volume change and high specific capacity and enhance the electrical 

conductivity.20 

Table 1.1 Summary of typical alloying-type anode materials for SIBs.6 

 

 Reduction 

product 

Theoretical capacity 

(mAh g-1) 

Volumn expansion 

(NaxX/X) (%) 

Average voltage (vs 

Na+/Na) (V) 

Sn Na3.75Sn 847 520 ~0.2 

Sb Na3Sb 660 393 ~0.6 

P Na3P 2596 408 (red); 500 (black) ~0.4 

Ge NaGe 369 305 ~0.3 

 

The last main type of anode materials is conversion-type materials. They can 

provide reasonable energy and power densities simultaneously, comparing with the 

intercalation and alloying materials, and their electrical conductivities are higher and 

volume changes are lighter.21 However, as for conversion materials, they always have 

the transition of crystal structures and composition evolution during cycles, so they have 

poor electrochemical kinetics and capacity retentions, marked by large voltage hysteresis 

between charge and discharge processes. This phenomenon can be observed in some 

sulphides, phosphides, fluorides and their hybrids. Their reaction equation can be 

described as: a 𝑁𝑎+ + 𝑎 𝑒− +𝑀𝑏𝑋𝑐 ↔ 𝑏 𝑀 + 𝑎 𝑁𝑎𝑋𝑑.
22 In general, most conversion 

reactions are reversible, especially in some specific conditions. And some of them cannot 
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return to the original composition after cycle in some extreme conditions, such as 

complete reduction at low potential. As for the potentials of conversion materials, they 

do not have obvious voltage plateaus, because the changes of crystal structures and the 

multi-ions reactions involved during cycle.  

 

Electrolyte 

The electrolyte is an important and critical component in all kinds of batteries. It has 

the features of ion-conductivity and electrical insulation. Ions need to be transported 

between anode and cathode materials crossing the electrolyte during charge and 

discharge processes, so it needs the high ion conductivity, which is a significant factor of 

high rate performance. Meanwhile, it should separate the cathode and anode from short 

circuit, so enough electrical insulation is also significant. Because the outside potential 

will be introduced on the batteries through the two electrodes, the electrolyte should bear 

the high potential from decomposition, which can result in the severe exploration. Thus, 

the capability of bearing high potential is the critical parameter to high-voltage batteries. 

Simultaneously, the chemical stability and viscosity of the electrolyte under potential are 

also important, the changes of ion mobility and electrical insulation have much influence 

on the electrochemical performance of rechargeable batteries. And electrolyte should not 

react with cathode and anode materials. Recently, the electrolyte has a new and 

significant requirement of large working temperature range (low melting and high boiling 

points are desirable) as the commercialization of electric vehicle around the world. In 

terms of the electrolytes, they have three main kinds, including liquid electrolytes, 

polymer electrolytes and solid-state electrolyte.23  

In SIBs, the conventional electrolytes are sodium salts of NaClO4, NaPF6 or Na 

bis(trifluoromethane) sulfonamide (NaTFSI), which are dissolved in a series of carbonate 

ester solvents, such as propylene carbonate (PC), fluoroethylene carbonate (FEC), 

ethylene carbonate (EC), dimethyl carbonate (DMC) and diethyl carbonate (DEC) with 

different ratios. Recently, considering the safety of batteries, resulting from the organic 

electrolytes, solid state electrolyte has a tremendous development, which mainly contains 

the ceramic, glassy and solid-state ion materials.24  
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1.3 Introduction to zinc-ion battery 

Rechargeable metal ion batteries have severe operating safety problems and 

environmental benignity, especially with organic electrolytes. And the large grid-scale 

energy storage systems have the requirement of low cost. The aqueous rechargeable 

batteries, as the promising alternative, have attracted extensive attention in recent years 

because of the abundant resource, working safety and environmental friendliness. 

Moreover, these batteries usually work in aqueous electrolytes, which have higher ionic 

conductivity and lower viscidity than those of the organic electrolytes and solid-state 

electrolytes. Furthermore, the common mild neutral electrolyte does not need much 

maintenance and special protection during operation. As for all kinds of the aqueous 

rechargeable batteries, researchers transfer their interests in aqueous zinc ion batteries, 

because the cost of zinc is so low and their specific capacities are much higher than most 

of the aqueous batteries.25 However, its working potential (< 2V generally) is lower than 

LIB and SIB, so it is not suitable for portable energy storage. The limited cathode 

material is also a big problem, which needs much effort to discover new kinds of 

electrode materials. As for large-scale energy storage system, it needs the stable cycles 

for thousands of times, which is a challenge to ZIB at present. Thus, much effort needs 

to be devoted to optimizing the electrochemical performance and discovering new types 

of electrode materials further. 

In terms of the history of aqueous ZIBs, they are evolved from the previous alkaline 

zinc-MnO2 batteries, which do not have the rechargeable capability. The development of 

rechargeable metal ion batteries, especially the lithium ion batteries, provokes the re-

discovery of zinc-MnO2 batteries. In 1986, the Zn-MnO2 batteries with neutral 

electrolytes had been proposed and fabricated. Until 2011, Kang’s group uncovered the 

Zn2+ ions intercalation and deintercalation properties in the aqueous ZIBs with MnO2 

cathode material, although it had a low specific capacity and poor cycle performance. 

Inspired by this proposed and realized mechanism in aqueous ZIBs, extensive efforts 

have been devoted to discovering new kinds of electrode materials, promoting the 

frameworks of batteries and developing novel types of electrolytes (in Figure 1.8).26 
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Fig. 1.8 A brief development history for ZIBs.26 

 

1.3.1 Configuration and working mechanism 

Metallic zinc has a higher redox potential (-0.76 V vs. standard hydrogen electrode) 

than that of lithium element (-3.0 V), which will reduce the working potential according 

to the electrochemical mechanism. And the thermodynamics of aqueous electrolyte also 

limit its working potential. However, the metallic zinc has a relatively high specific 

capacity of 820 mAh g-1, which is much higher than those of intercalation-type electrode 

materials. And zinc is abundant and nontoxic, which is an intriguing advantage for ZIBs. 

As for the configuration of ZIB, they have a similar inner structure to rechargeable metal 

ion batteries, containing the anode, cathode, separator and electrolyte. Its configuration 

is exhibited in Figure 1.9.27 

 

Fig. 1.9 Schematic illustration of the electrochemical principle of aqueous zinc ion batteries.27 

 

In terms of the storage mechanism in ZIBs, there are still some confusions. In 

general, they can be classified into three types according to the recent researches: Zn2+ 

insertion/ extraction; Zn2+/H+ insertion/extraction and chemical conversion reaction. 

They will be introduced in detail.28 

Zn2+ insertion/extraction: This mechanism is the first one and accepted 

dominantly for most cathode materials. Many kinds of compounds with tunnel and 
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layered-type structures work in this mechanism. Zn2+ ions intercalate into and 

deintercalate from their frameworks because of the small ionic diameter of Zn2+ (0.74 Å). 

The first and typical insertion/ extraction mechanism was found by Kang’s group29 from 

α-MnO2 with a tunnel structure inside. The reaction is depicted as follows:25  

Cathode process: Zn2+ + 2 e- + 2 α-MnO2 ↔ ZnMn2O4  (1.1) 

Anode process:    Zn ↔ Zn2+ + 2 e-  (1.2) 

Furthermore, this mechanism was also be found in other materials with open crystal 

structures, such as various phases of MnO2 and vanadium oxides with different phases. 

Zn2+/H+ insertion/extraction: In some host materials, they also can insert and 

extract the H+ with Zn2+ during cycles, especially the intercalation/ deintercalation of H+ 

first because of the smaller diameter and higher thermodynamics and kinetics. The first 

one with this mechanism was illustrated by Wang’s group,30 which was supported by the 

GITT characterization. And this cointercalation mechanism also be found in some 

vanadium-based materials, such as NaV3O8·1.5H2O.31 

Chemical conversion reaction: Unlike the insertion/ extraction of ions, some types 

of cathode materials can be converted into some hydroxides reversibly. This mechanism 

was first found in α-MnO2, there is a reversible chemical conversion reaction between α-

MnO2 and MnOOH.32 This mechanism always been discovered in manganese-based 

materials and their main conversion reactions are between oxides and hydroxides.  

 

1.3.2 Materials in zinc-ion battery 

In terms of the materials in ZIBs, they mainly consist of anode, cathode and 

electrolyte. The main types of materials will be introduced as follows (in Figure 1.10)25:        

 

Fig. 1.10 Operating potential vs. specific capacity for various cathode materials and Zn anode recently 

applied for aqueous ZIBs.25 
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Cathode materials 

The main cathode materials are manganese-based, vanadium-based and Prussian 

blue-based materials (in Table 1.2)26: 

 

Table 1.2 Comparisons of the advantages and disadvantages for the Mn-based, V-based and PBA-based 

cathode materials.26 

 

 Mn-based ZIBs V-based ZIBs PBA-based ZIBs 

Advantages 1. High working 

potential (~1.3 V); 

2. Moderate 

theoretical capacity 

(~310 mAh g-1); 

3. Acceptable cycling 

performance 

(100~5000 cycles) 

1. Diversity of V-based 

compounds; 

2. Good cycling stability; 

3. High theoretical 

capacity (~600 mAh 

g-1); 

1. High working potential 

(~1.7 V); 

Disadvantages 1. Poor rate stability; 1. Low working potential 

(0.6-0.8 V); 

2. Toxicity; 

1. Low theoretical 

capacity (~70 mAh g-1); 

2. Poor cycle 

performance; 

3. Poor rate performance; 

 

Manganese-based cathode materials 

 

Fig. 1.11 Typical polyhedral crystal structures of manganese oxides: a) β-MnO2; b) R-MnO2; c) γ-MnO2; 

d) α-MnO2; e) romanechite-type MnO2; f) todorokite-type MnO2; g) δ-MnO2; h) λ-MnO2.28 
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Manganese-based oxides have the advantages of low-cost, abundant resource, low-

toxicity, environmental friendliness and various valence states (for instance, Mn0, Mn2+, 

Mn3+, Mn4+ and Mn7+).25 As for manganese oxides, they have many phases with various 

open crystal structures. For instance, the MnO2 exist many polymorphs, their MnO6 

octahedra can be arranged by sharing corners in various ways, such as edges into chain, 

tunnel and layered types. And they also have different tunnel, layered and spinel 

structures. Figure 1.11 lists some types of manganese oxides.28 

 

Vanadium-based cathode materials 

 

Fig. 1.12 Polyhedrons metamorphosis of crystal coordination in vanadium oxides. 28 

 

In terms of vanadium oxides, they also have plenty of phases. Their polyhedrons 

vary tetrahedron to distorted regular octahedra via square pyramid and trigonal bipyramid 

(Figure 1.12).28 The different assembly formations and distortions result in diverse inner 

frameworks, which can accommodate zinc ions inside at different places reversibly. 

Except for vanadium oxides, vanadium-base derivatives also can be used as cathode 

materials in ZIBs, such as a series of MxV2O5 compositions (M is alkali and alkaline 

earth metals).26, 29 

 

Prussian blue-based cathode materials 

 
Fig. 1.13 Schematically crystal structure of PBAs MFe(CN)6 (M is Fe, Co, Ni, Cu and Mn) with the 

insertion and extraction of Zn2+.28 
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Like the Prussian blue analogues (AxMM′(CN)6
.yH2O, wherein A is an alkaline 

metal ion or a water molecule, and both M and M′ are transition metals.) in rechargeable 

metal ion batteries, they also be studied in ZIBs due to the open crystal structures (in 

Figure 1.13)28. They are also fabricated with metal ions and organic groups liking in 

various ways. Zinc ions can intercalate into the metal-organic frameworks with a high 

potential, which can enlarge the voltage of the full battery, although they have low 

specific capacities. For instance, NiHCF, CuHCF and FeCHF with a typical cubic 

framework and ZnHCF with a rhombohedral crystal structure have been investigated as 

cathode materials in ZIBs.27 

 

Anode materials 

For anode material in ZIB, the conventional material is zinc foil because of its cheap 

cost, abundant resource, low toxicity and high electrical conductivity. Furthermore, the 

relatively high theoretical capacity of 820 mAh g-1 is enough to match the cathode. 

However, there are also some issues that should be handled, such as the corrosion of zinc 

foil and dendrite growth problem during cycling. Some efforts are devoted to promoting 

the development of anode. Some researchers introduce some compounds by mixing zinc 

powder with other kinds of materials, such as carbon black, conducting polymer and 3D 

rGO. For example, Kang’s group mixed 12 wt% activated carbon with zinc particles, 

which exhibited better capacity retention (85.6% after 80 cycles) than that using 

unmodified zinc foil.33 They found that the addition of activated carbon can suppress the 

formation of inactive basic zinc sulfates (Zn4SO4(OH)6·nH2O) and accommodate the 

deposition of zinc dendrites and insoluble anodic products. Some articles also reported 

the deposition of zinc on hierarchical current collectors is a useful method to suppress 

the dendrite growth and improve electrochemical performance. They deposited zinc on 

all kinds of conducting materials, such as carbon fiber, 3D graphene foam and carbon 

cloth.34-36 For instance, Fan’s group designed a zinc nanoflakes array coated on 3D 

graphene foam.36 The 3D graphene foam has high conductivity and its porous structure 

can be used to accommodate the dendrite growth. The Zn/GF exhibits lower charge-

transfer resistance and electrochemical polarization in the cell than those of untreated 

zinc foil. And Tong’s group reported the deposition of tiny zinc nanoparticles on N-doped 

porous carbon cloth.34 The Zn/CC was directly used as freestanding anode, which 

displayed higher specific capacity and better cyclability than those of commercial zinc 
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foil. Moreover, the morphology of zinc anode is also an important factor to the 

electrochemical performance. For instance, Chen’s group fabricated zinc anode by 

electroplating with organic additives in the plating solution.37 The zinc anodes were 

synthesized with different crystallographic orientation and surface texture with the 

additives of cetyltrimethylammonium bromide (CTAB), sodium dodecyl sulfate (SDS), 

polyethylene-glycol (PEG-8000) and thiourea (TU). Zn-SDS, Zn-PEG, and Zn-TU 

displayed improved cycle performance than the commercial zinc foil. And Rolison and 

their co-workers fabricated a highly porous and 3D zinc sponge anode to enhance the 

zinc utilization and rechargeability.38 The 3D structure minimizes the local current 

density with the large active area and suppress the zinc dendrite growth. Benefiting the 

control of void in 3D structure, the zinc sponge maintains a dendrite-free anode after 

54,000 cycles and exhibits a high zinc utilization (~90 %). And some articles also 

reported the protecting layer (such as conducting polymer, carbonaceous materials and 

metal oxides) can improve the cyclability and specific capacity. For example, Mai’s 

group deposited the protecting coating layer of TiO2 on zinc foil via atomic layer 

deposition (ALD).39 The TiO2 coating layer suppresses the corrosion of zinc plate and 

dendrite growth, resulting in less gas evolution and Zn(OH)2 byproduct formation.  

 

Electrolyte 

The conventional electrolyte in ZIBs is the aqueous solution, which has the 

advantages of abundant resource, high operational safety, high ion diffusivity, facile 

fabrication and environmental friendliness. However, the aqueous electrolyte has limited 

working potential, which is less than 2 V generally. Various zinc-salts are used in 

electrolytes, such as ZnSO4, Zn(CF3SO3)2, ZnCl2, Zn(NO3)2, Zn(TFSI)2 and 

Zn(CH3COO)2.
31, 40-41 The common used electrolytes are ZnSO4 and Zn(CF3SO3)2. The 

former is very cheap, and the latter can improve cycle performance. In general, they 

always be used with a concentration of 1~3 M. However, some literature reported the 

electrolytes with high concentration can promote the capacitance retention, such as the 

concept of “water-in-salt”. The optimization of electrolyte is a very effective method to 

improve the electrochemical performance in ZIBs, including enlarge the working 

potential beyond the 1.23 V (the decomposition potential of water) and hinder the 

formation of zinc dendrite and irreversible ZnO. Wang’s group introduced the modified 

high concentration electrolyte (1 M Zn(TFSi)2 + 20 M LiTFSi).42 This unique electrolyte 

not only enables dendrite-free Zn plating/stripping at nearly 100% columbic efficiency 
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(CE), but also retains water in the open atmosphere, which makes hermetic cell 

configurations optional. The pH value is also an important parameter to determine the 

performance. Most articles introduced that the mild acidic aqueous electrolyte is 

preferred to AZIBs, because the mild acid can restrict the formation of zinc dendrites and 

ZnO effectively. Qiao’s group added 0.1 M H2SO4 into the electrolyte (1M ZnSO4 + 1M 

MnSO4) for AZIB.43 The modified electrolyte with mild acid property can provide high 

output voltage of 1.95 V and an imposing gravimetric capacity of about 570 mAhg-1 in 

electrolytic Zn–MnO2 system. The introduction of mid acid electrolyte can also improve 

the capacity retention of 92% for 1,800 cycles. Simultaneously, some nonaqueous 

electrolytes are also considered, such as gel and solid-state electrolytes, but they show 

unsatisfied rate performance now.44 

 

1.4 Introduction to in-situ mechanistic study of batteries 

1.4.1 The current state of mechanism study 

As our society is faced with continuously increasing energy demand and the rapid 

development of portable energy storage systems, the exploration of cheap and efficient 

energy storage techniques is urgent and significant. Although LIB technique has been 

studied tremendously and commercialized successfully, the optimization of LIB 

technique and development of next-generation batteries have become the new issues for 

researchers. Based on these problems, the understanding of energy storage mechanism is 

fundamental and significant.1, 3, 45 

For the development of mechanism studies, the electrochemical principles of 

rechargeable metal ion batteries have been studied for several decades, which based on 

the mechanisms of non-rechargeable batteries and some commercialized rechargeable 

batteries, such as alkaline zinc-manganese battery, lead-acid battery and Ni-Cd battery. 

In terms of the conventionally commercialized LIB, the intercalation/ deintercalation of 

lithium cations in positive (LiCoO2) and negative (graphite) materials crossing organic 

electrolyte and separator is its electrochemical principle. As for the optimization of LIB, 

it needs to investigate the energy storage with different electrode materials under diverse 

circumstances. As for the development of next-generation batteries, such as SIBs and 

ZIBs, researchers should investigate the electrochemical principles with different 

configurations and new kinds of metal cations, although their principles are similar.5, 46-

47  
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In terms of the mechanism researches on rechargeable metal ion batteries, the main 

researches have transferred from macro electrochemical principles to some micro issues. 

Their main electrochemical principles are similar. The metal cations intercalate into and 

deintercalate from the electrode materials crossing the electrolyte during charge and 

discharge processes. However, there are still some micro issues needed to be investigated, 

such as the morphology and structural evolution, composition and crystalline 

transformation, surface and interfacial reconstruction and reaction intermediates during 

electrochemical processes. They are related to the optimization and realization of 

practical energy storage performance.48  

Except for the researches on changes before and after charge or discharge processes, 

researchers shift many interests on the changes during charge and discharge processes in 

recent years. Some researchers study the equilibrium states of batteries with ex-situ 

characterization techniques under different electrochemical conditions. These ex-situ 

studies can be conducted with conventional characterization equipment. The samples are 

charged or discharged at different states, such as different potentials and current densities, 

and then they are disassembled from the batteries and measured with characterization 

techniques, such as XRD, Raman spectroscopy, XPS, FTIR and so on. This process is 

named ex-situ characterization, which studies the equilibrium states of samples during 

electrochemical reactions.49 For instance, Sun and co-workers investigated the 

phosphorene-graphene hybrid material with ex-situ XRD technique.50 The obtained 

composite consists of a few phosphorene layers sandwiched into graphene layers, which 

exhibited a high specific capacity of 2,440 mAh g-1. The large capacity for SIB results 

from the formation of Na3P composition through a dual storage mechanism of sodium 

ions insertion along with the x axis of the phosphorus layers, which was demonstrated 

with the ex-situ XRD characterization. They observed the composition changes at 

different potentials through the XRD method. Wang’s group also used ex-situ Raman 

spectroscopy to study the structural changes of graphene at different sodiation 

conditions.51 They synthesized the expanded graphene and used it as anode material in 

SIB. Raman spectroscopy is an effective and simple technique to study the structural 

vibration modes of graphene according to the intensity ratio between D and G bands. The 

observation of ex-situ Raman spectroscopy indicates the increment of structure 

randomness after sodiation. However, the characterization of equilibrium states needs to 

disassemble batteries and take out the samples, which possibly bring about some 

contaminants and be polluted by the outside environment, such as the oxidization by 
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oxygen and decomposition of electrolyte on the surface of electrodes. Thus, the 

continuous observation in cell directly under or close to the working conditions should 

be more persuasive and explicit. 

As the rapid development of large-scale scientific facilities, some researchers can 

establish the in-situ/operando facilities to study the non-/quasi- equilibrium states of 

electrochemical processes under various circumstances with specially designed systems 

or cells. For example, Wang and co-workers studied the microstructure evolution and 

crystalline transformation of Sn nanoparticle with in-situ TEM during cycles.52 They 

fabricated the nano-sized SIB with Sn nanoparticles. The two-step sodiation processes 

were observed directly. The crystalline Sn nanoparticle was sodiated to amorphous 

NaxSn alloy via a two-phase storage mechanism, and then further changed to several Na-

rich amorphous phases and finally to the crystallized Na15Sn4 (x = 3.75) via a single-

phase storage mechanism. The in-situ TEM provides the visualized observation of phase 

and morphology evolution during electrochemical charge and discharge processes. And 

Gerbrand Ceder’s group also devoted much effort to in-situ characterization techniques. 

They discovered the reversible O3–O'3 phase change of layered NaTiO2 in SIB with in-

situ XRD, which contains an unusual crystal structure evolution companied by complex 

Na vacancy coordination in a series of second order phase changes.53 This is the reason 

to the excellent capacitance retention of layered NaTiO2 in SIB. As for in-situ 

characterization techniques, some of them can be modified from conventional facilities 

with specially designed electrochemical cells. However, as the researches transferred 

from the surface to inner structures, some facilities cannot meet the requirements of some 

mechanism investigations, such as the low intensity of X-ray and poor sensitivity of 

detectors. Thus, some special in-situ characterization techniques need more advanced 

and designed facilities, such as synchrotron radiation-based characterization.  

Synchrotron-radiation based characterization techniques have been utilized to 

mechanism study in recent years. The advantages of high brilliance, flux and good 

stability of synchrotron radiation can meet some special requirements of in-situ 

characterization.54-55 For instance, Huang’s group had utilized synchrotron radiation-

based techniques to investigate many kinds of electrode materials in SIBs. They 

synthesized a kind of layered material of P2-Na0.66[Li0.22Ti0.78]O2 and used it as anode 

material in SIB, which exhibited good cycle performance.11 In order to study the reason 

of excellent cycling performance, they studied the structure evolution with synchrotron 

radiation based in-situ XRD during cycles. The in-situ observation indicated the ~0.77 % 
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volume evolution during cycles, so the near zero-strain characteristic ensures excellent 

capacity retention. And Zulipiya Shadike and co-workers also investigated the reversible 

intercalation/deintercalation redox chemistries with synchrotron-based X-ray absorption 

near-edge structure.56 They found the reversible anionic redox reaction of S2–/S2
2– in 

layered NaCrS2 rather than Cr. The occurrence of Cr/Na vacancy antisite indicated the 

intercalation and deintercalation of sodium ions without changing its lattice parameter 

during cycles. Synchrotron radiation-based characterization techniques show the 

potential trend of characterization development. However, they are scare, and only 

several countries have the resource, which cannot meet the demand.57  

In conclusion, the current state of mechanism study of rechargeable metal ion 

batteries is transferred from macro electrochemical principles to some micro changes, 

such as from electrochemical reactions to some practical optimization, from equilibrium 

states to non-/quasi- equilibrium states, from morphological changes to inner crystal 

structures and from electrochemical performance to fine transformation of materials. 

Thus, these trends also provoke the development of characterization techniques, more 

and more elaborate facilities are utilized in mechanism studies.  

 

1.4.2 The in-situ characterization techniques for mechanism study  

The urgency of promoting the electrochemical performance of LIBs and developing 

the next-generation energy storage systems need advanced characterization techniques. 

As the in-depth investigation of batteries, the researches have been developed from 

conventional characterization techniques to ex-situ equipment, to in-situ/operando 

facilities, even synchrotron radiation based larger-scale scientific facilities. In this part, 

some advanced characterization techniques will be introduced according to some 

mechanism studies, including the morphological and structural evolution, composition 

and crystalline transformation, surface and interfacial reconstruction.48  

 

The morphological and structural evolution 

Morphological and structural evolution is the basic change of electrode materials 

during cycles. As the intercalation and deintercalation of metal ions in the electrode 

materials, their structures will change simultaneously. The structure change is an 

important parameter to electrochemical performance, especially to the cycling 

performance. The severe expansion and shrinkage of electrode materials during cycles 

will damage the integrity and robustness of electrodes, and then result in poor 
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electrochemical performance. Some characterization techniques can be utilized to 

investigate the morphological and structural evolution during cycles.  

Scanning electron microscope (SEM): The conventional and typical 

characterization technique for morphological and structural evolution is SEM, which is 

a kind of electron microscope that uses the similar principle with the optical microscope 

and utilize electron instead of natural light. The SEM can achieve the spatial resolution 

about 1 nm with recent development, which is an effective technique to observe the 

diameter of nanoparticles, surface morphology and 3D structures. Researchers always 

apply the SEM to investigate the morphological changes at different equilibrium states, 

which can provide clear and exact images. The in-situ SEM is developed in these years 

with designed electrochemical cells, which can explore the surface of electrodes under 

the electrons without damage and observe the evolution during cycles.  

 

Fig. 1. 14 Schematic diagram of the composition and volume changes of Tin nanoparticles during the 

sodiation process.52 

 

Transmission electron microscopy (TEM): TEM is also an effective technique to 

study the morphological and structural evolution, even its spatial resolution can down to 

the atomic scale. The electron density of TEM is much stronger than that of SEM. 

According to the transmission mode, the sample should be ultrathin (below 100 nm). The 

methodologies of TEM can be classified into three typical three kinds: imaging, 

diffraction and spectrometry according to the different information processing and 

presentation formations.58-59 The conventional TEM equipment can be modified to in-

situ TEM easily. Some researchers investigated the volume changes of alloying anode 

materials during cycles with the in-situ TEM. For example, Huang’s group observed the 

volume changes during sodiation and desodiation processes.52 They founded the two-

step sodiation process: Tin first was sodiated to amorphous NaxSn alloy (x ∼ 0.5) with a 

volume expansion of 60 % and then further be sodiated into crystallized Na15Sn4 (x = 

3.75) with a volume expansion of 420 % (Figure 1.14). This is very meaningful to 

observe and estimate the volume expansion directly. Moreover, the TEM has been 
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developed with more fine functions. For instance, the promoted scanning transmission 

electron microscopy (STEM) can provide structural, chemical and electronic information 

on an atomic scale, such as the atomic orientation and defects information. It also can be 

modified to in-situ mode. STEM has two kinds of modes, high-angle annular-dark-field 

(HAADF) mode and annular-bright-field (ABF) mode. The former is sensitive to heavy 

elements, the latter is effective to light atoms. The combination of these two modes can 

visualize the heavy and light atoms in one slot. Furthermore, some other characterization 

techniques can be modified in the STEM chamber, such as the element EELS, as the 

associated function, which can identify the chemical bonds and valence states. The 

combination of EDS can be used to observe the element distribution on the surface of the 

samples. These combined functions can provide more information and without other 

special equipment. As for the required cells for in-situ TEM, they contain the working 

electrodes coated with an ionic-liquid electrolyte or solid-state electrolyte and a counter 

metal electrode. Figure 1.15 exhibits the two types of in-situ TEM cells.60-61 A bias 

potential is applied to the two electrodes to conduct the electrochemical processes. 

 

Fig. 1.15 Schematic diagram of the inner structure of in-situ TEM setups during cycle in SIBs.60-61 

 

Atomic force microscopy (AFM): For the surface morphology of the sample, AFM 

is also an effective characterization method, which enables to provide the topography 

evolution information on the surface based on a tip-shaped cantilever. The surface 

evolution can be monitored with the line-by-line scanning mode. The Young’s modulus 

of samples can also be obtained via the AFM method with two kinds of nanoindenters, 

pyramidal AFM tips and spherical colloidal probes. The real-time related information 
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can be obtained within designed cells. One simple cell is illustrated in Figure 1.16.62 A 

voltage is applied to the two electrodes of sodium metal reference and working electrode, 

which are contacted on the same conductive foil. And the characterization environment 

is Ar-filled and should avoid the air and moisture insides. For example, Hu’s group 

utilized the in-situ AFM to observe the morphology changes on the surface of the MoS2 

flakes.62 They monitored the topographical evolution of solid-state interphase (SEI). 

They found the permanent wrinkling behavior of MoS2 electrodes upon discharge to 0.4 

V vs. Na+/Na and estimated the thickness of SEI for the first time.  

 

Fig. 1.16 Structure diagram of microbattery for in-situ AFM measurement within a liquid electrolyte and 

dry room environment.62 

 

Composition and crystalline transformation 

Although the electrochemical principles in rechargeable metal ion batteries are more 

and more clear in recent years, the reaction processes of different electrode materials are 

complex. The tendency of the mechanism study has been transferred from macro 

electrochemical principles to micro reaction processes. Thus, the investigations of the 

composition changes, phase transitions, crystalline transformations, crystal defects and 

reaction intermediates are meaningful to mechanism study. In terms of these 

investigations, they need some advanced characterization techniques. 

X-ray diffraction (XRD): XRD is the common and simple method to study the 

materials, including the phase composition, crystal structure and phase purity. The ex-

situ XRD can be conducted with conventional equipment directly, and the in-situ XRD 

can also be performed with these common machines, but with some specially designed 

cells.63 Furthermore, the more advanced in-situ measurements are conducted with the 

synchrotron radiation-based facilities. As for the designed cell, one simple structure is 

presented in Figure 1.17.64 Compared with the normal coin cells, the in -situ XRD cell 

needs some modifications. A Be sheet is attached to the bottom with a thermoplastic film 
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because of its high X-ray transmittance and enough electrochemical stability. The X-rays 

transmit to electrode materials through the holes on the shells and the Be window. For 

instance, Xu and co-workers observed the structural evolution and phase transitions of 

NaxCo1/3Ni1/3Mn1/3O2 (NCM) with in-situ XRD technique.65 They found the emergence 

of O3/O1 phases above 655 °C, while the P2/O3/O1 phases coexisted beyond 1000 °C. 

The O3/O1 phases disappeared below 364 °C during the cooling process and P2 and P3 

phases are dominant further. Thus, the in-situ observation provides us the information of 

controlling the phases at a specific temperature, and this real-time observation cannot be 

obtained by conventional XRD, even ex-situ XRD. However, XRD characterization has 

some limitations, for example, it is difficult to obtain the information in amorphous 

materials. Thus, other advanced characterization techniques should be utilized combined. 

 

Fig. 1.17 Schematic illustration and real photos of conventional and in-situ coin cell. (a) Conventional coin 

cell and (b) in-situ XRD characterization coin cell.65 

 

X-ray absorption spectroscopy (XAS): XAS is an effective technique to study the 

local symmetry and electronic structure. Compared with XRD, it can be used to study 

amorphous materials. The XAS can be classified into two types. The region near the 

absorption edge is named as X-ray absorption near-edge structure (XANES). The region 

above 40 eV is defined as extended X-ray absorption fine-structure (EXAFS). The former 

is an effective technique to study the oxidation states and the site-symmetry changes 

resulting from the absorbing atoms. The latter with stronger energy density can be used 

to obtain the quantitative local structural information, such as the degree of ordering, 

bond length and coordination number around the adsorbed atoms. And the XAS also be 

divided into hard X-ray absorption spectroscopy (HXAS) (> 5 k eV) and soft X-ray 

absorption spectroscopy (SXAS) (< 3 k eV) by the energy of X-ray resource. The former 

can be applied to obtain the information of valence states and the contribution from each 
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element in some multielement systems. The latter is sensitive to the elements and orbitals, 

so it can provide the information on occupied and unoccupied electronic states.66 The 

modified in-situ XAS can investigate the valence state evolution and phase transition of 

both crystalline and amorphous materials within a working condition with specially 

designed cells. The simple illustration is presented in Figure 1.18.67 The choices of 

appendant materials are severe, because some components can absorb the incident X-

rays. For example, Zhou’s group synthesized a series of cathode materials of 

Na0.66CoxMn0.66–xTi0.34O2 with the Co content increase from 0 to 0.33 for SIB.68 They 

applied SXAS to study the evolution of valence states in the Mn and Co during sodiation 

and desodiation processes. They found that the substitution of Co can improve the 

valence state of Mn when the Co content is 0.22, which can suppress the Jahn–Taller 

distortion resulting from Mn3+ and protect the stability of P2-type layered structure. The 

charge compensation phenomenon was demonstrated with the SXAS. XAS has another 

capability of detecting the surface and bulk information simultaneously through total 

electron yield and fluorescence yield modes, respectively. 

 

Fig. 1.18 Schematic diagram of in-situ coin cell for in-situ XAS measurement.67 

 

Neutron diffraction: Neutron diffraction is also an effective approach to monitor 

the crystal structure and phase transitions, especially to the light atoms (such as H, Li and 

Na) and the elements with close atomic number (for instance, Ni, Fe and Co), even 

isotope. As for many electrode materials, they have close metal ions in the multi-metal 

oxides, they are difficult to be distinguished by some methods, such as TEM, but they 

can be monitored by neutron diffraction easily. The in-situ neutron diffraction equipment 

can be modified based on conventional equipment with specially designed cells. The 

simple setup is presented in Figure 1.19,69 but they need to meet some requirements to 
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protect the diffraction from the disturbance resulting from current collectors, additive and 

so on. Thus, in-situ neutron diffraction is a significant technique to investigate the multi-

metal oxides cathode materials. For instance, N.S.Nazer and co-workers conducted the 

in-situ neutron diffraction to study the crystal structure evolution of commercial 

graphite/(Ni, Mn, Co) oxides.70 As for Ni, Co and Mn, they have close atomic numbers, 

neutron diffraction is effective to monitor them in the composite. The in-situ neutron 

diffraction revealed the structural change of graphite anode, which form a series of 

intercalation-type lithiated derivatives with a volume expansion up to 12.7 %. However, 

the neutron diffraction is mature, but the in-situ technique, especially the spallation 

neutron source is limited, and the spatial resolution of neutron is relatively low. 

 

Fig. 1.19 a) The schematic diagram of neutron diffraction setup. b) The intensity distribution diagram of 

lithium elements within the inner structure of cell.70 

 

Nuclear magnetic resonance (NMR) spectroscopy: NMR spectroscopy is an 

effective method to detect the local structural information, electronic structure and ion 

dynamics.71-73 The NMR signal results from the movement of the nuclear spin angular 

momentum under an applied external magnetic field. A series of characteristic signals 

about the fine structural environment can be obtained according to the peak chemical 

shift, relaxation time, coupling constant and peak shape of the nucleus in NMR 

spectroscopy. The modified in-situ technique can study the real-time changes and non-

equilibrium states, and it also can be utilized to most materials, including crystalline and 

amorphous materials, even liquid materials. The combination of NMR and isotopic 

elements can provide the diffusion information of metal ions in electrodes in detail. The 

designed cell is illustrated in Figure 1.20.74 The in-situ cells are modified based on coin 
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cells, which utilize the copper mesh as the both current collector and NMR detector. The 

use of polymer bag can diminish the influence on NMR signals. And the cell should be 

located at NMR probe during testing. Clare P. Grey’s group devote much effort to 

mechanism study in batteries with NMR spectroscopy. They conducted the solid-state 

NMR characterization with isotopic elements (23Na and 31P) to study the dynamics of 

Na3V2(PO4)2F3 cathode materials in SIB.75 They found that the sodium ions are removed 

nonselectively from the two distinct sodium sites of the fully occupied Na1 site and the 

partially occupied Na2 site. The mobility of sodium ion has been enhanced in the cathode 

material during the charging process, because the more sodium vacancies are formed. 

The rapid sodium motion can explain the good rate performance. The in-situ technique 

can provide fine information of atoms located at different sites in detail. 

 
Fig. 1.20 Schematic inner configuration of a polymer bag cell and its setup for the in-situ NMR 

measurement.74 

 

Surface and interfacial reconstruction 

Batteries consist of several parts, such as anode, cathode, separator and electrolyte, 

they are assembled with a sequence and the metal ions shuttle through them. The 

diffusivity and mobility of metal ions in all kinds of electrodes, electrolytes and 

separators can influence the electrochemical performance, such as the rate and cycle 

performance. Thus, the observation and monitoring of surface and interface of them are 

important and significant to promote their performance. Their surfaces and interfaces will 

be reconstructed during cycles, which contain the solid electrolyte interphase, surface of 

electrodes and separators, growth of dendrites and so on. Some advanced characterization 

techniques are utilized to investigate them. 

Raman spectroscopy: Raman spectroscopy is an effective technique to distinguish 

the structural evolutions and electronic properties on the surface according to the laser-

induced vibrational, rotational and transformation modes. Researchers have done some 

work about the ex-situ Raman studies, but the surface of samples always be influenced 

by the environment, such as oxygen and moisture, the modified in-situ technique based 

on conventional equipment attract tremendous interests in recent years. The designed in-
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situ cell is presented in Figure 1.21,65 which is similar to in-situ XRD coin cell, except 

quartz window instead of Be window. The combination of in-situ Raman spectroscopy 

and electrochemical instrument, the continuous structure evolution has been obtained. 

The Raman spectroscopy enables to detect the vibration irrelevant to the central 

symmetry in some compositions. For example, Xie and co-workers synthesized a 

freestanding electrode of molybdenum disulfide nanosheets aligned vertically on carbon 

paper and studied its electrochemical properties in SIB.76 They utilized the in-situ Raman 

spectroscopy to investigate the phase transition during sodiation and desodiation 

processes, because Raman technique is very sensitive to transition metal dichalcogenides. 

They found the reversible phase transition between 2H and 1T-phases inside MoS2 during 

the insertion and extraction processes of sodium ions. However, sometimes the signal of 

Raman spectrum is weak and be disturbed by some components, such as electrolyte, so 

the combination with other characterization techniques is meaningful. 

 
Fig. 1.21 Schematic illustration and real photos of conventional coin cell and in-situ coin cell. (a) 

Conventional coin cell and (B) the coin cell for in-situ Raman spectroscopy.65 

 

Fourier-transform infrared (FTIR) spectroscopy: FTIR spectroscopy is also a 

surface-sensitive characterization approach. FTIR can provide the qualitative and 

quantitative information of the structure based on the infrared spectrum of absorption or 

emission of samples and the Fourier transformation. It can be applied to investigate solid, 

liquid and gas samples. FTIR can investigate the vibration associated with the symmetry 

of center, such as the chemical functional groups, while Raman spectroscopy cannot. 

Thus, the combination of FTIR and Raman measurements can provide abundant 

information of composition. In the mechanism study of batteries, in-situ FTIR can be 

applied to study the electrode or electrolyte materials during cycles, especially to the 

decomposition process of electrolyte. A simple configuration of in-situ cell is illustrated 

in Figure 1.22.77 However, the in-situ FTIR technology is not mature for SIBs. For 
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instance, Mai’s group utilized the ex-situ FTIR to detect the surface chemistry of 

V2O5·nH2O electrode material.78 They found the red shift of the V=O stretching bond 

after a deep discharge, which indicated the reduction of V5+ to V4+. While the unchanged 

vibration of V-O-V demonstrated the stability of layered vanadium oxide during cycles. 

 
Fig. 1.22 Schematically inner configuration of an in-situ cell for in-situ FTIR characterization with the 

single internal reflectance mode.77 

 

X-ray photoelectron spectroscopy (XPS): XPS is an effective method to study the 

surface chemistry, including the valence states and electronic structures of elements. It 

can quantitatively analyze the contents and ratios of elements within the depth of 2~5 nm. 

In terms of batteries, there are some electrochemical reactions insides that can be 

monitored by XPS exactly. XPS is a good method to study the SEI layer on the surface 

of electrodes.79 For example, Soto and co-workers studies the SEI films on hard carbon 

in SIBs.80 They analyzed the content changes of SEI with or without additives (FEC, 

fluoroethylene carbonate) in electrolytes. Combining the calculation, they can control the 

specific capacities of hard carbon via the controlled ratios of additives. However, the X-

rays have some influence on the chemical states due to electron beam. And the in-situ 

XPS technique is difficult, because the severe measurement environment cannot meet the 

requirements of electrochemical processes. Thus, some in-situ investigations of valence 

states and electronic structures are conducted by in-situ XAS. 

In conclusion, more and more advanced characterization techniques are utilized to 

investigate the fine mechanism during electrochemical processes. The conventional 

facilities are also modified and promoted to meet the demand of mechanism study. Real-

time observation and analyses have attracted extensive interests in recent years. Except 

for the advanced characterization facilities, the material preparation and delicate design 

of cells are also important. And the combination of various characterization techniques 

is the tendency in near future.  
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Chapter 2 Experimental Methodology 

The experimental methodology applied in this doctoral thesis will be introduced in 

detail, which contains the synthesis methods, material characterization and 

electrochemical measurements.  

 

2.1 Synthesis methods 

This chapter briefly introduces the synthesis methods applied to prepare the 

materials in this thesis. Each technique will be explained comprehensively below: 

(1) Hydrothermal Method 

Hydrothermal method is one kind of solvothermal technique, which uses the water 

as the solvent. It is one of the most general and effective synthesis methods to fabricate 

nanomaterials. During the fabrication process, the solvents with reactants are poured into 

an autoclave to carry out the reaction under suitable temperature and pressure for a period 

of duration. The source materials will decompose or react with each other under the 

specified temperature and pressure. The advantage of hydrothermal method is the ability 

to precisely fabricate many kinds of inorganics, for instance, metal oxides, sulfides and 

nitrides, with specified crystal structure, crystallinity, morphologies and size distribution 

via the elaborate control of precursor type, pH value, duration, reaction temperature, 

surfactant type and ratio of reactants. Moreover, the hydrothermal technique is also one 

of the simple and low-cost methods. In these experiments, hydrothermal method is used 

to synthesize powder and freestanding electrode materials. The active materials of 

MoS2/graphene foam in chapter 4, H2V3O8 and VOOH in chapter 5 were synthesized 

with the hydrothermal method. 

(2) Chemical vapor deposition (CVD) 

CVD is an effective method to the formation of active material on the substrate or 

on the precursor directly with a chemical reaction. The fabricated materials can possess 

good crystallinity and specified phase. In the synthesis process, the characteristics of 

products can be controlled exactly by some parameters, for instance, working 

temperature, pressure, gas flow and concentration. And the synthesis process can also be 

monitor and adjusted effectively. In our experiments, the Mo-based thin nanosheets @N-

doped carbon in chapter 3 was synthesized via CVD method with different vapors. In 

chapter 4, the graphene foam was also fabricated with CVD method. The methane was 
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decomposed to carbon on the surface of nickel foam with designed flow rate and under 

the specific temperature. And the CVD technique is also served to substitute the sulfur 

atoms in MoS2 with selenium elements. 

 

2.2 Material characterization 

In term of this chapter, the material characterization techniques used in these 

experiments will be introduced comprehensively. Each one will be explained below: 

(1) X-Ray Diffraction (XRD) 

XRD is a common and rapid analytical technique that can identify the crystal phase 

and structure, crystallinity, crystallite size of materials. X-ray striking an electron 

produces secondary spherical waves emanating from the electron, which is named elastic 

scattering. A few of the regular array of spherical waves have a specific direction, which 

can be identified by Bragg's law: 2d sin θ = λ (where d is the spacing between diffracting 

planes, θ is the incident angle, n is any integer and λ is the wavelength of the beam). 

According to the wavelength λ, researchers can obtain the information of atomic 

arrangement. In our XRD characterization in this thesis, a powder X-ray diffraction 

(XRD, Bruker D-8 Advance) has been used to characterize the samples.  

 

Fig. 2.1 (a) The inner structure, (b) the assembled in-situ XRD cell and (c) the cell mounted on a specially 

designed holder for the powder diffraction beamline.81 

 

And the synchrotron-based in-situ XRD was also applied to investigate the 

composition changes and crystal structure evolution of electrode materials. The inner 

structure of in-situ XRD cell is illustrated in Figure 2.1 a. The slurry of active materials 

was coated on carbon paper, which can decrease the influence of X-ray beam. The holes 
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with PE film rather than steel shell can let the X-ray penetration easily. The assembled 

cells and setup of in-situ XRD measurement are presented in Figure 2.1 b and c, 

respectively. The XRD data were collected at the Australian Synchrotron with a 

wavelength (λ) of 0.6888 Å, using the NIST LaB6 660b standard reference material. In 

this thesis, the cell for in situ test was cycled at the current density of 50 mA g-1 within 

the potential range between 0.2 and 1.6 V (vs. Zn2+/Zn). 

(2) Scanning Electron Microscope (SEM) 

SEM is one of the basic and regular characterization techniques to define the 

morphology of materials, which is a kind of electron microscope that can visualize the 

surface morphology of sample by scanning the surface with a focused electron beam. The 

images are determined mainly by the secondary electrons generating from atoms excited 

by the focused electron beam on the material surface with different intensities and 

directions. In this doctoral dissertation, the morphologies of the materials are featured by 

a field emission scanning electron microscope (FESEM, JEOL, Model JSM-7600F) 

coupled with EDX spectrometer. 

(3) Raman Spectroscopy 

 

Fig. 2.2 (a) Light-matter interaction when a Raman scattering medium is illuminated by an electromagnetic 

field. The arrows with different colors representing different emitting signals, e.g. PL, Rayleigh scattering, 

Raman scattering etc. (b) Absorption and emission schematics in a typical Raman scattering process. 

 

Raman spectroscopy is a characterization approach on the material surface, which 

is used to define the type of chemical bond derived from the inner molecular vibration 

modes. The Raman spectroscopy characterization technique is developed from the 

inelastic scattering of monochromatic light. The laser beam is the conventional 

monochromatic light. Figure 2.2 illuminates the light-matter interaction and several kinds 

of scattering light. Once the wavelength of vibration mode is closed to that of the 
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monochromatic light, it will produce Rayleigh scattering, which can provide the 

information of chemical bonds on the surface of samples.  

In terms of the in-situ Raman spectroscopy characterization in this thesis, the 

conventional Raman equipment can be used directly with a special in-situ cell. The setup 

of in-situ Raman spectroscopy measurement is shown in Figure 2.3 a. The inner structure 

of the in-situ cell is illustrated in Figure 2.3 b. The cell has a hole with a quartz window 

on the shell, which can penetrate the laser light and scattering light. In this thesis, the 

conventional and in-situ Raman spectra were obtained via a WITec-CRM200 confocal 

microscopy Raman system with a 532 nm excitation source. 

 
Fig. 2.3 (a) The setup of in-situ Raman spectroscopy measurement and (b) the inner structure of the in-situ 

cell. 

 

(4) Transmission Electron Microscopy (TEM) 

TEM is a kind of electron microscopy that can be employed to identify the 

morphology and crystallographic information via the interactions between the atoms in 

the sample and the high energy beam transmitting through the ultrathin specimen. TEM 

has the same principles as the light microscope but uses electrons instead of light, because 

the wavelength of employed electron beam is much smaller than that of light. Thus, it 

also can be used to feature the crystal dislocations and grain boundaries. The images of 

TEM are presented via the transmitted electrons on the phosphor screen or charge 

coupled device (CCD) camera. The selected area electron diffraction (SAED) also can 

be obtained with TEM by converging the electron beam over the selected area of the 

sample, which can produce a convergent electron beam diffraction pattern. The SAED 

can be applied to obtain the information of crystal structure and lattice parameters. And 

energy dispersive X-ray spectroscopy (EDS) can also be performed with TEM equipment, 

which is an analytic approach applied to identify the chemical analysis and element 

characterization. Its principle relies on the emitted X-rays excited by the high energy 

electron beam on the specimen. Researchers can obtain the chemical information 

Battery

ba
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according to the comparison between the emitted spectra and the characteristic 

electromagnetic emission spectrum derived from each element. As for the TEM 

characterization in these experiments, a high-resolution TEM (HRTEM, JEOL, Model 

JEM-2100F) working with 200 kV was applied and elemental distribution analyses are 

conducted with attached EDS with the JSM 2100F. The specimens are made by 

dispersing in ethanol, and then coated on holey copper grids and dried at room 

temperature before testing.  

(5) X-ray Photoelectron Spectroscopy (XPS) 

XPS is a non-destructive characterization technique to quantitatively distinguish the 

chemical states and electronic states of the elements on the surface of specimens. The 

measurements of kinetic energy and number of electrons, escaping from the surface of 

samples (from 0 to 10 nm) irradiating with a beam of X-rays, can provide the XPS 

information. Every element with a specified valence state has its characteristic binging 

energy, which is the feature to determine its chemical and electronic states. Thus, 

researchers also can measure the element composition on the surface. Combining with 

some etching techniques, the chemical state information inside the sample can be studied 

further, especially some air-sensitive specimens. In this thesis, the XPS characterization 

is performed through a Thermo Fisher Scientific Theta Probe XPS system with a 

monochromatic Al Kα (1486.7 eV) X-ray source. 

(6) Thermogravimetric Analysis (TGA) 

TGA is one kind of thermal analysis method to characterize the mass change of 

sample along with the change of temperature. It can be used to identify the phase 

transitions, thermal decomposition, oxidation, solid-gas reactions and so on. Researchers 

also can determine the content ratios of composition because of the mass changes at 

different temperatures. In this thesis, the content ratios of composition were measured by 

a thermogravimetric analysis system of SDTQ600. 

 

2.3 Electrochemical measurement 

(1) The assemble of coin-type battery 

Before measuring the electrochemical properties of batteries, the working electrodes 

should be prepared first. There are two types of electrode materials introduced in this 

thesis. One is active powder material. The standard slurry coating technique was 

employed to fabricate the working electrodes. Typically, the working electrodes are 
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prepared by casting a slurry on a clean metal foil current collector, which consists of the 

active material, carbon black and polyvinylidene fluoride (80: 10: 10 in weight) dissolved 

in N-methylpyrrolidone (NMP), and drying at 100 °C in a vacuum oven for 12 hours. 

Another one is freestanding electrode materials, such as active materials grown on 

substrate and a film derived from active materials, which do not need any additive and 

can be directly divided into slices with specified area as electrode. Their mass loadings 

are determined by a balance. As for sodium ion batteries, CR2032 coin-type cells are 

assembled in an Ar-filled glove box (Mbraun, Unilab, Germany). The moisture and 

oxygen contents in the glove box are below 0.1 ppm. 1 M NaClO4 or NaPF6 in ethylene 

carbonate-diethyl carbonate-fluoroethylene carbonate (1:1:0.02 in volume) and glass 

fiber are used as the electrolyte and separator, respectively. The slurry is coated on clean 

copper foil. Sodium foils serve as both counter and reference electrodes. As for aqueous 

zinc ion batteries, we can assemble the CR2032 coin-type cells in air instead of in the 

glove box. 2 M Zn(CF3SO3)2 and glass fiber are served as the electrolyte and separator, 

respectively. The slurry is coated on clean titanium foil. And zinc foil is used as both 

counter and reference electrodes. 

(2) Cyclic Voltammetry (CV) 

CV is one of the common and simple electrochemical technique, which is conducted 

to study the kinetics and composition changes of electrochemical reaction process. In the 

CV measurement, there are usually three electrodes, which contains a counter electrode, 

working electrode and reference electrode. The working electrode is made of active 

material, and its electrochemical reaction process can be investigated by applying a linear 

and cyclic sweep voltage within a potential range in Figure 2.4 a. The potential is 

measured between the working and reference electrodes. The current is measured 

between the counter and working electrodes. The separate measurements of potential and 

current can guarantee their accurate measurements. By sweeping the voltage slowly, 

electrochemical reaction information may be extracted from a graph of potential versus 

current going through the working electrode. Figure 2.4 b shows the measured current 

versus the applied potential, where the ipc and ipa exhibit the peak cathodic and anodic 

current for a reversible reaction, respectively. Their reversible response of the electron 

transfer reaction is: A + n 𝑒− ↔ 𝐵𝑛−. As for the reversibility of the electrochemical 

reaction, the ∆𝐸𝑝 is defined as: ∆𝐸𝑝 = |𝐸𝑝𝑐 − 𝐸𝑝𝑎|, where 𝐸𝑝𝑐 𝑎𝑛𝑑 𝐸𝑝𝑎 are the peak 

potentials in the cathodic and anodic sweep. When the electrochemical process is 
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reversible, ∆𝐸𝑝 = 0.059 ∕ 𝑛 and it is independent of sweep rate. The shape and position 

of the redox peaks depend on both sweep rate and the kinetic parameters of the electrode 

reaction. In these experiments, the CV curves of batteries are conducted with an 

electrochemical workstation (CHI 760D, Chenhua, Shanghai). 

 

Fig. 2.4 (a) The applied linear and cyclic potential versus time and (b) the typical CV of measured current 

versus applied potential.82 

 

(3) Galvanostatic Charge and discharge (GCD) measurement 

GCD measurement is one of the simple and reliable technique to evaluate the 

electrochemical capacitance of electrode materials under controlled constant current 

conditions. In this measurement, a constant current is applied or released between the 

working and counter electrodes and its corresponding potential is detected against the 

reference electrode. Thus, the rate performance of electrode materials can be measured 

with different current densities, which is a significant parameter to the battery. During 

charge and discharge processes, the current always be expressed as a C-rate, calculated 

from the battery capacity. The C-rate is a measure of the rate at which a battery is charged 

and discharged relative to its maximum capacity. For instance, the 1 C is the necessary 

current applied or drained from the battery to completely charge or discharge in one hour. 

If the C-rate is 0.1 C, the necessary duration of complete charge or discharge is ten hours. 

The different current rates are illustrated in Figure 2.5 a. As for the calculation of capacity, 

the duration of charge or discharge step has been multiplied by the current applied during 

the process with the formula:  

Capacity: C (A ∗ s) = ∫ 𝑖(𝐴) ∙ 𝑑𝑡(𝑠)
𝑡1

𝑡0
, 𝐶(𝐴 ∙ ℎ) = 𝐶(𝐴 ∙ 𝑠) 3600(𝑠)⁄    (2.1) 

Specific capacity: C (𝑚𝐴ℎ ∙ 𝑔−1) = 𝐶(𝐴 ∙ ℎ) 𝑚(𝑔)⁄ ∙ 1000           (2.2) 

Energy density and power density are depicted as: 

Gravimetric energy density: E(Wh ⋅ 𝐾𝑔−1) = ∫ 𝑖 ∙ 𝑡 ∙ 𝑑𝐸
𝑡1

𝑡0
(2 ∙ 𝑚)⁄ ;  (2.3) 

Volumetric energy density: E(Wh ⋅ 𝐿−1) = ∫ 𝑖 ∙ 𝑡 ∙ 𝑑𝐸
𝑡1

𝑡0
(2 ∙ 𝑣)⁄ .     (2.4) 
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Gravimetric power density: P(W ∙ 𝐾𝑔−1) = ∫ 𝑖 ∙ 𝑑𝐸
𝑡1

𝑡0
(2 ∙ 𝑚)⁄ ;      (2.5) 

Volumetric power density: P(W ∙ 𝐿−1) = ∫ 𝑖 ∙ 𝑑𝐸
𝑡1

𝑡0
(2 ∙ 𝑣)⁄ .         (2.6) 

Where 𝑚 and 𝑣 is the weight and volume of the battery, respectively. The charge 

and discharge profiles are shown in Figure 2.5 b with different current densities. In terms 

of this thesis, the GCD measurements are carried out with a NEWARE battery testing 

system with different current densities at room temperature. 

 

Fig. 2.5 (a) The applied current versus different duration at different C-rates and (b) the corresponding 

charge and discharge curves with different C-rates. 

 

(4) Electrochemical Impedance Spectroscopy (EIS) 

EIS is an important and significant electrochemical analytic technique to determine 

the resistance and impedance of the electrochemical working system. In general, an 

electrochemical cell can be considered an equivalent circuit of resistors and capacitors in 

Figure 2.6 a. The double-layer capacitance is nearly a pure capacitance, and hence it is 

represented in the equivalent circuit by an element Cd. And the resistance of electrode 

and solution is considered as 𝑅Ω. The faradic process contains the redox reactions around 

the interface between the electrode and electrolyte. Because the faradaic process depends 

on the frequency (ω), it should be considered as a general impedance, Zf. The faradaic 

process can be divided into two parts: charge transfer (a pure charge transfer resistance, 

Rct) and mass transfer processes (a general Warburg impedance, Zw) in figure 2.6 b.82 

 

Fig. 2.6 (a) Equivalent circuit of an electrochemical cell and (b) the equivalent elements of Zf.82 
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The Zf can be expressed as: 

 𝑅𝑒 = 𝑅Ω +
𝑅𝑐𝑡+𝜎𝜔

−1 2⁄

(𝐶𝑑𝜎𝜔
1 2⁄ +1)2+𝜔2𝐶𝑑

2(𝑅𝑐𝑡+𝜎𝜔−1 2
⁄ )2

         (2.7) 

 𝐼𝑚 =
𝜔𝐶𝑑(𝑅𝑐𝑡+𝜎𝜔

−1 2⁄ )2+𝜎𝜔−1 2⁄ (𝜔1 2⁄ 𝐶𝑑𝜎+1)

(𝐶𝑑𝜎𝜔
1 2⁄ )2+𝜔2𝐶𝑑

2(𝑅𝑐𝑡+𝜎𝜔−1 2
⁄ )2

          (2.8) 

σ is a parameter for the transfer process. The formulas can be considered at low-

frequency and high-frequency. At very low frequency (ω → 0), the formulas can be 

expressed as: 

 𝐼𝑚 =  𝑅𝑒 − 𝑅Ω − 𝑅𝑐𝑡 + 2𝜎
2𝐶𝑑          (2.9) 

The plot of ZIM versus ZRe is linear and have unit slope, as shown in Figure 2.7 a. The 

linear correlation of ZIM of ZRe is characteristic of a mass-transfer controlled electrode 

process. At a high frequency, the relationship can be expressed as: 

( 𝑅𝑒 − 𝑅Ω −
𝑅𝑐𝑡

2
)2 +  𝐼𝑚

2 = (
𝑅𝑐𝑡

2
)2        (2.10) 

The plot of this formula is exhibited in Figure 2.7 b. The center of the circular plot is at 

 𝑅𝑒 = 𝑅𝜔 + 𝑅𝑐𝑡/2 and  𝐼𝑚 = 0. The diameter is 𝑅𝑐𝑡 . This correlation is a charge-

transfer controlled electrode process. The combined processes can be illuminated in 

Figure 2.5 c with kinetic controlled and mass-transfer controlled processes.82 

 

Fig. 2.7 Impedance plane plot for (a) low frequencies, (b) high frequencies and (c) combined two 

processes.82 

 

The measurement is normally conducted by applying an AC potential with a 

sinusoidal potential excitation (usually 2-10 mV) to the electrochemical system and then 

recording the corresponding current signal through the system, which can be analyzed 

with a Fourier transformation. Simultaneously, the frequency of the applied potential is 

changed within a wide range (usually 0.1M Hz to 10 m Hz). The data will be processed 

by simulating the equivalent circuit in low and high frequencies and obtained the 

resistance and impedance of the electrochemical process. In terms of measurements in 

this thesis, the EIS is conducted to determine the interface resistance on the surface of 

the electrode, charge transfer resistance and the resistance of the working electrode. The 

a b c
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EIS measurements were carried out by applying an electrochemical workstation (CHI 

760D, Chenhua, Shanghai) in the ambient environment. 

(5) Galvanostatic intermittent titration technique (GITT) 

GITT is one of the approaches to investigate the electrochemical thermodynamics 

and kinetics parameters of electrode materials during cycles. The measurement process 

contains a series of current pulses (transfer process), and each followed by a relaxation 

duration (diffusion process) without current pulses through the battery. The current 

pulses are positive and negative during the charge and discharge process, respectively in 

Figure 2.8 a. For instance, during the positive pulse, the potential of the cell will quickly 

increase to a value proportional to the inner resistance (R). And then the potential 

increase slowly due to the galvanostatic charge current. The metal ions maintain a 

constant concentration gradient inside the electrode materials. During the relaxation time, 

the current pulse is terminated, and metal ions tend to become homogeneous in the 

composition gradually. Simultaneously, there is an iR drop of the voltage. And then the 

voltage will decrease slowly until the concentration of metal ions in electrode becomes 

equilibrium (i.e., when dE/dt ~ 0) and the open circuit potential (Voc) of the cell is reached. 

This sequence of charge pulse followed by a relaxation time is repeated until the battery 

is fully charged. A similar galvanostatic intermittent titration process happens during the 

discharging process until the battery is fully discharged. 

The chemical diffusion coefficient can be calculated at each step with Fick’s second 

law. Where 𝑖 is the current (A); 𝑉𝑚 is the molar volume of the electrode (cm3/mol); zA 

is the charge number; F is the Faraday’s constant (96485 C/mol); S is the 

electrode/electrolyte contact area (cm2); dE/dδ is the slope of the coulometric titration 

curve, found by plotting the steady state voltages E (V) measured after each titration step 

δ; dE/d√t is the slope of the linearized plot of the potential E (V) during the current pulse 

of duration t (s).83 

D =
4

𝜋
(
𝑖𝑉𝑚

𝑧𝐴𝐹𝑆
)2 [
(𝑑𝐸 𝑑𝛿⁄ )

(𝑑𝐸
𝑑√𝑡
⁄ )

⁄ ]

2

        (2.11) 

If small enough current is applied for a short time interval, dE/d√t can be considered 

linear and the coulometric titration curve can also be considered linear over the 

composition range involved in that step, the Equation can be simplified into:  

D =
4

𝜋𝜏
(
𝑛𝑚𝑉𝑚

𝑆
)
2

(
∆𝐸𝑠

∆𝐸𝑡
)
2

                     (2.12) 
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Where τ is the duration of the current pulse (s) and 𝑛𝑚 is the number of moles 

(mol). ∆E𝑠 is the voltage change of two adjacent steady-states, due to the current pulse 

and ∆𝐸𝑡 is the voltage change of the adjacent constant current pulse, eliminating the iR 

drop. These parameters can be obtained from the GITT curves directly, as shown in 

Figure 2.8 b. 

 

Fig. 2.8 (a) Galvanostatic intermittent titration curve with charge and discharge pulses and (b) the amplified 

curves.83 

 

In these experiments, the chemical diffusion coefficients are conducted within half-

cells, composed of metallic anode (as counter and reference electrode), electrolyte and 

working electrode (prepared with active material). The GITT was measured with a 

NEWARE battery testing system with a current density of 10 mA for 10 minutes 

followed by an interval of 30 minutes in room temperature.  

a b
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Chapter 3 Mo-based Thin Nanosheets @N-doped 

Carbon Nanospheres for Sodium-ion Storage 

Two-dimensional (2D) transition metal dichalcogenides are widely studied as anode 

materials for metal ion batteries. This application requires high electric conductivity 

which can be achieved by forming composites with conductive carbon. In this work, we 

demonstrate the creation of nanospheres composed of Mo-based thin nanosheets (MoS2, 

MoSe2 and Mo2C) uniform embedded within a N-doped carbon matrix. Using MoSe2/N-

doped carbon nanospheres as example, we investigate in detail the electrochemical 

property in Na ion storage and reveal the advantage over previously reported MoSe2 

electrodes (higher capacity and improved capacity retention up to 500 cycles). 

Furthermore, we provide evidence by ex situ X-ray diffraction to the nominal irreversible 

conversion reaction during the first discharge. 

 

3.1 Introduction and motivation 

Sodium-ion batteries (SIBs), as the appealing candidate for lithium-ion batteries 

(LIBs), have drawn extensive attention recently. The potentially low price and earth 

abundancy of sodium salt, as well as the similar working mechanism to the state-of-art 

LIB, have motivated intensive exploration of suitable electrode materials and new battery 

structures for SIBs.14, 47 Due to the larger radius of sodium ion (1.06 Å for Na+ versus 

0.76 Å for Li+) and higher transport barrier compared with lithium ion, there still exists 

much difference between these two technologies in terms of electrode material selection 

and kinetics control.5 

A judicious design of nanostructure and smart hybridization of the active materials 

are important to obtain high specific capacity and good cycling capability for 

rechargeable metal-ion batteries.84-85 Recently, transition metal dichalcogenides (TMDs) 

with the formula of MX2 have been widely studied as anode materials for LIBs and SIBs, 

because of their typical 2D layered structure and high theoretical capacities.86-91 It is 

claimed that the stacked atom layers by weak van der Waals force allow favorable 

intercalation/deintercalation of metal ions between the layers.87, 89 For example, MoS2 as 

a typical TMD, has been demonstrated as a useful anode material for SIBs.76, 92-93 MoSe2, 

as the close 2D candidate to MoS2, shows a graphene-like layered structure, larger 



51 

 

interlayer spacing (6.46 Å for MoSe2 versus 6.2 Å for MoS2),
94-96 higher electric 

conductivity and electrochemical activity, so it is also regarded a potential electrode 

material for SIBs. However, MoSe2 have been scarcely investigated for SIBs.97-100 The 

shuttle effect of polyselenides, similar with that of polysulfides in lithium-sulfur batteries, 

leads to the loss of active materials and fast capacity degradation.98, 101-104 Furthermore, 

to improve the performance of MoSe2 in SIBs, especially rate capability and cycle 

stability, it is necessary optimize the electrode structure design and form smart 

hybridization with conductive carbon.105-107 Last, the commonly claimed conversion 

reaction in MoS2 and in MoSe has not been verified. 

Typically, the fabrication of active material with conductive shell (core/shell 

structure) can alleviate the shuttle effect and enhance the electric conductivity, but it is 

not an effective approach to accommodate the large volume expansion.108-111 And the 

conductivity improves only at the surface of the active materials due to adhered 

conductive shell, but the conductivity of core part is still low. In view of these 

considerations, we propose a unique structure with uniform distribution of active 

materials in highly conductive matrix, which can meet the all needs.112-115 Herein, we 

develop a generic method to synthesize Mo-based active materials dispersed in N-doped 

carbon matrix. Carbon is a kind of robust and conductive material, which can 

accommodate the large volume expansion of active materials better than metal oxides. 

Furthermore, the heteroatom doping, especially the nitrogen doping, can not only 

improve the conductivity of carbon, but also increases the reactive sites and decreases 

the energy barrier of ion diffusion.116-117 Meanwhile, the nitrogen atoms can suppress the 

shuttle effect by bonding with poly-chalcogenides.118 To date, the uniform distribution 

of Mo-based active materials in conductive matrix for SIBs has not been realized and 

reported. 

In order to achieve the above design, we managed to achieve first Mo-polydopamine 

hybrid precursors, which are derived from dopamine-assisted self-assembly into a sea 

urchin-like structure. After a controlled calcination process, Mo-based nanosheets 

uniformly distributed in N-doped carbon matrix with the same urchin-like morphology 

are formed. As an example, the sodium ion storage properties of ultrathin MoSe2/N-C 

are studied in detail. We attest that these composite spheres indeed show improved rate 

capability and cycling stability compared with pure MoSe2 sample.  It is reasonable to 

predict that the MoS2/N-C sample will have similar enhancement. As for the Mo2C/N-C, 

the electrocatalyst application will be studied and presented elsewhere. This work 
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provides the insight of fabricating the uniform distribution of active materials in 

conductive matrix for applications in catalysis and energy storage and conversion fields. 

 

3.2 Materials preparation 

Ultrathin Mo-based active materials/N-doped carbon nanosphere was prepared via 

the combination of a self-assembly method and a calcination process. 

3.2.1 Synthesis of Mo-based precursor 

For the synthesis of Mo-based precursor, we adopt the self-assembly method. 400 

mg of the (NH4)6Mo7O24·4H2O (Sigma-Aldrich) and 25 mg dopamine hydrochloride 

(Sigma-Aldrich) were dissolved with 20 mL of distilled water at ambient temperature 

until an orange-red solution was formed. 40 ml of C2H5OH was added into the above 

solution. After continuously stirring for about 20 min, 0.3 ml of NH3·H2O (28 %) was 

added into the above mixture dropwise with continuous stirring. Then the precipitate was 

obtained by centrifugation after gentle stirring for 30 min, rinsed with ethanol and 

distilled water in turn for three times, and dehydrated in vacuum oven at 70 °C for 12 h. 

3.2.2 Synthesis of Mo-based thin nanosheets @N-doped carbon nanosphere 

In terms of the synthesis of Mo-based thin nanosheets @N-doped carbon 

nanosphere, a series of calcination processes with different conditions were applied. The 

MoSe2/N-C was synthesized with a selenization process of Mo-polydopamine hybrid 

precursor using selenium as the Se resource at a temperature of 650 °C with a ramped 

rate of 10 min-1 and maintained for 3 h under a constant Ar/H2 (98 %/2 %) flow (100 

sccm). The MoS2/N-C was fabricated with a sulfurization process using the sulfur as S 

resource and the same other conditions as the selenization process. The Mo2C/N-C was 

obtained with the similar calcination process at 850 °C only using Mo-polydopamine 

hybrid precursor. 

The pure MoSe2 powder was synthesized by a hydrothermal reaction. 136 mg of Se 

powder was dissolved into 10 mL of N2H4·H2O to form a red solution. Then the red 

solution was added into another solution dissolved 484 mg of Na2MoO4·2H2O into 50 

mL distilled water and kept continuously stirring for about 30 min. Then, the mixture 

was transferred into an 80 mL Teflon-lined stainless-steel autoclave. The autoclave was 

kept at 200 °C for 24 h and then the powder was collected by centrifugation and rinsed 

three times with distilled water and ethanol. Finally, the as-synthesized sample was 
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obtained by drying at 70 °C in vacuum oven for 12 h and annealing at 650 °C for 3 h in 

Ar atmosphere. 

 

3.3 Results and discussion 

3.3.1 Materials characterization 

 

The synthesis process of the ultrathin Mo-based active material/N-doped carbon 

nanosphere is illustrated in Figure 3.1 a. First, the Mo-polydopamine hybrid precursor 

was prepared with a simple chemical self-assembly method. The dopamine with rich 

catechol groups has an intriguing feature of complexation ability with various ligands, 

such as molybdate.119-120 After simply mixing ammonium molybdate tetrahydrate 

((NH4)6Mo7O24·4H2O) with dopamine hydrochloride in aqueous solution, the oligomer 

of Mo-dopamine complex was synthesized due to the chelate interaction between the 

Fig. 3.1 (a) Schematic illustration for the preparation process of ultrathin Mo-based active materials/N-

doped carbon nanosphere; SEM images showing the morphology of (b, e) MoS2/N-C, (c, f) MoSe2/N-C, 

and (d, g) Mo2C/N-C. 
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catechol groups and the ligands of molybdate ions. The organic solvent ethanol can 

facilitate the uniform distribution of the Mo-dopamine complexes. After adding the 

polymerization initiator of NH3·H2O dropwise, the self-polymerization process of 

dopamine molecules was triggered. The Mo-polydopamine hybrid precursors with 

nanosphere structure were formed with the self-assembly of the oligomers. Then the 

different kinds of ultrathin Mo-based active materials/N-doped carbon nanosphere 

(Figure 3.1 b, e for MoS2/N-C; c, f for MoSe2/N-C; d, g for Mo2C/N-C) were obtained 

by the calcination of Mo-polydopamine hybrid precursor with different conditions, and 

the carbonization of the polydopamine occurred simultaneously.121 

 

The obtained Mo-polydopamine hybrid precursor, as depicted in Figure 3.2, has a 

uniform diameter distribution of around 600 nm with urchin-like structure, which was 

self-assembled with nanosheets and interconnected by polydopamine. Figure 3.1 b-g 

clearly show the morphologies of Mo-based active materials/N-doped carbon 

nanospheres, the size and urchin-like structure are preserved after calcination process at 

high temperature, which indicates its good structural integrity and mechanical stability. 

Ultrathin nanosheets with a width of around 10 nm could be observed on the surface, 

which can improve the approach of electrolyte and facilitate the intercalation and 

deintercalation of sodium ions in the composite. The uniform size could also be 

confirmed by the SEM images with a low resolution presented in Figure 3.1 e-g. As for 

the pure MoSe2 powder, the morphology images are shown in Figure 3.3, which show 

aggregated structure with some flakes on the surface. 

a b

Fig. 3.2 Morphologies of Mo-polydopamine hybrid precursor with different resolutions. 
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The MoSe2/N-C with urchin-like structure and uniform size was further 

characterized by high-resolution transmission electron microscopy (HRTEM) illustrated 

in Figure 3.4 a and b. A representative HRTEM image (Figure 3.4 c) shows the ultrathin 

(2-4 nm) MoSe2 active material with 3-5 layers and the lattice fringes with an inter-planar 

spacing of 0.648 nm, corresponding to the (002) crystal plane of MoSe2.
115, 117 

 

This urchin-like structure is further explored by the element mapping of the energy 

dispersive X-ray (EDX) analysis in Figure 3.5, which demonstrates the uniform 

distribution of MoSe2 and N-doping in the composite. The uniform distribution of 

ultrathin active material in highly conductive matrixes is more beneficial than 

hierarchical structure, such as core-shell and core-branch structures, to the improvement 

of conductive connection and enhancement of electron transfer in the electrode materials. 

a b

Fig. 3.3 Morphologies of pure MoSe2 powder with different resolutions. 

Fig. 3.4 (a-c) HRTEM images, (d) XRD pattern and (e) Raman spectrum of MoSe2/N-C, (f) TG analyses 

of MoSe2 and MoSe2/N-C. 
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To confirm the phase and composition of the samples, X-ray diffraction (XRD), 

Raman spectroscopy and thermogravimetric (TG) analysis were performed. Figure 3.6 a 

shows the X-ray diffraction peak derived from Mo-polydopamine hybrid precursor. The 

MoS2/N-C is demonstrated with good crystallinity (2H phase, JCPDS 37-1492) in Figure 

3.6 b.76, 93 X-ray diffraction peaks, shown in Figure 3.4 d and Figure 3.6 c, suggest the 

high crystalline structure of MoSe2 (JCPDS 29-0914) with 2H phase, which is more 

stable than that of 1T phase.97-98 The weak and broad diffraction peaks of carbon indicate 

its amorphous property in the composite. The Mo2C/N-C with hexagonal crystal structure 

(JCPDS 45-1013) is also verified in Fig. 3.6 d.122-123 From the Raman spectrum in Figure 

2e, the characteristic peaks at Raman shifts of 236.5 and 287 cm-1 can be well indexed to 

the Raman vibrational modes of A1g (out of plane) and E1
2g (in plane) derived from MoSe2, 

as well as the broad D and G bands at 1350 and 1579 cm-1 coming from carbon.95-96 In 

comparison, the XRD pattern and Raman spectrum of pure MoSe2 sample are presented 

in Figure 3.7 a and b. 

Mo Se

C N

Fig. 3.5 Element mapping images of Mo, Se, C and N. 
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Additionally, the accurate content of MoSe2 in the MoSe2/N-C composite was 

determined by the thermogravimetric analysis (TGA) under air atmosphere. In terms of 

the pure MoSe2 sample, as illustrated in Figure 3.4 f, 35 % of weight is lost at around 

400 °C owing to the reaction of MoSe2 into MoO3 in air. In contrast, the weight loss of 

MoSe2/N-C composite is about 47.2 %, which contains the weight losses of MoSe2 and 

carbon. After inverse derivation, the accurate weight percentage of MoSe2 in the 

MoSe2/N-C composite is 81.23 %.99, 124 The high loading of active material in the 

composite is favorable for the practical application. 
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Fig. 3.6 XRD patterns of (a) Mo-polydopamine hybrid precursor, (b) MoS2/N-C, (c) MoSe2/N-C 
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Fig. 3.7 (a) XRD pattern and (b) Raman spectrum of pure MoSe2 powder. 



58 

 

 

 

As shown in Figure 3.8, X-ray photoelectron spectroscopy (XPS) measurement was 

used to investigate the surface elements of MoSe2/N-C nanosphere. The survey scan 

spectrum detects the existence of Mo, Se, N, C and O elements. Two main peaks located 

at 229.5 and 232.6 eV are shown in Figure 3.8 b, which correspond to Mo 3d5/2 and Mo 

3d3/2, respectively. And a weak peak with bonding energy of 230.4 eV is deconvoluted, 

which is assigned to the Mo-O bond because of the slight oxidation of MoSe2 in air. For 

the Se 3d spectrum (Figure 3.8c), the observed bonding energies of 54.9 and 55.7 eV are 

attributed to the Se 3d5/2 and Se 3d3/2 in the MoSe2.
97-98 The C 1s peak is detected at the 

bonding energy of 285.0 eV (Figure 3.8 d), the emergence of C-N peak at 286.5 eV 

demonstrates the existence of nitrogen doping in carbon matrix, and the N-C bond is also 

detected in Figure 3.8 e.121 Two peaks of O-Mo and O-C are shown in Fig. 3.8 f, which 

are also the proof of the oxidation.125 In addition, the XPS analyses of pure MoSe2 sample 

are illustrated in Figure 3.9, which also demonstrate the composition and slight oxidation 

of MoSe2. 

 

228 230 232 234

3
d

5
/2

M
o

-O 3d
3/2

3d
5/2

Mo 3d

 

 

In
te

n
s

it
y

 (
a

.u
.)

Binding energy (eV)
54 56 58

3d
5/2

3d
3/2

Se 3d

 

 

In
te

n
s

it
y

 (
a

.u
.)

Binding energy (eV)

282 284 286 288

C-N

C sp
2

C 1s

 

 

In
te

n
s

it
y

 (
a

.u
.)

Binding energy (eV)
395 400 405

N1s N-C

Mo 3p
3/2

N 1s

 

 

In
te

n
s

it
y

 (
a

.u
.)

Binding energy (eV)
530 532 534

O1s O-C

O1s O-Mo

O 1s

 

 

In
te

n
s

it
y

 (
a

.u
.)

Binding energy (eV)

0 200 400 600 800 1000
N

 1
s

O
 1

sC
 1

s
M

o
 3

d
S

e
 A

u
g

e
r

S
e
 3

p

S
e
 3

d

XPS survey

 

 

In
te

n
s
it

y
 (

a
.u

.)

Binding energy (eV)

a b c

d e f
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3.3.2 Electrochemical analysis 

 

Detailed electrochemical measurements were conducted to investigate the sodium 

ion storage properties of MoSe2/N-C nanosphere. Pure MoSe2 powder was served as the 

control sample to reveal the advantage of uniformly distributed active materials in highly 

conductive matrix for electrochemical energy storage application. The typical cyclic 

voltammetry (CV) curves of MoSe2/N-C nanosphere for the initial three cycles at a scan 

rate of 0.1 mV s-1 are depicted in Figure 3.10 a. A shoulder peak located at around 0.65 

V in the first discharge process can be assigned to the intercalation of sodium ions in the 

2D framework of MoSe2, which leads to the formation of NaxMoSe2. And the broad peak 

observed at around 0.35 V is attributed to the conversion reaction from NaxMoSe2 to Mo 

metal nanograins accompanied by the formation of Na2Se, which is similar with the 

sodiation behavior of MoS2. The big irreversible capacity in the low voltage range 

(mainly below 0.5 V) also results from the formation of solid electrolyte interface (SEI) 

on the surface of electrode materials during the first cathodic process, which consumes 

Na. In the reversible charge and discharge processes, the anodic peak at around 1.82 V 

could be observed, which corresponds to the formation of Se by the oxidation of Na2Se. 

The cathodic peaks blow 1.0 V shrink, but the new cathodic peak appears at ~1.38 V 

from the second cycle, which is due to the formation of Na2Se with a similar mechanism 
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Fig. 3.10 Electrochemical properties of MoSe
2
/N-C and pure MoSe

2
 for SIBs between 0.01 and 3.0 V 

(vs. Na/Na
+
): (a) CV curves with a scan rate of 0.1 mV s

-1
 and (b) charge-discharge curves at a current 

density of 0.1 A g
-1

 in the first three cycles for MoSe
2
/N-C; (c) CV curves comparison at the second 

cycle for MoSe
2
/N-C and pure MoSe

2
; (d) Nyquist plots at 3.0 V after three cycles (the resistance is 

simulated using the same equivalent circuit inset in figure d), (e) rate capability with different current 

densities and (f) cycling stability at 0.5 A g
-1

 of MoSe
2
/N-C and pure MoSe

2
. 
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to that of Se-based active materials in SIBs.104, 124 Starting from the second cycle, the CV 

curves almost overlap substantially, which suggests the good cycling reversibility of the 

composite. 

 

The CV curves of pure MoSe2 electrode material are presented in Figure 3.11, which 

has similar sodiation/desodiation behaviors. The charge and discharge profiles of the 

MoSe2/N-C nanosphere at a current density of 0.1 A g-1 in the potential range from 0.01 

to 3.0 V (vs. Na/Na+) are presented in Figure 3.10 b. The unapparent potential plateaus 

at around 1.38 V in the discharge processes are consistent with the cathodic peaks in CV 

curves. In the charge process, there is an obvious potential plateau at around 1.82 V, 

which in agreement with the anodic peak in CV curves. Similarly, the charge and 

discharge curves of pure MoSe2 are displayed in Fig. 3.11 b, which are consistent with 

the CV curves in Figure 3.11 a. The MoSe2/N-C nanosphere also shows better coulombic 

efficiency of 66.4 % than that of pure MoSe2 about 58.0 % in the first cycle, which attests 

the enhanced reversibility of electrode material in this design. 

However, the pure MoSe2 has larger electrochemical polarization than that of 

MoSe2/N-C nanosphere (see CV comparison in Figure 3. 10 c). The higher current 

density of ultrathin MoSe2/N-C implies the higher electrochemical reactivity due to the 

introduction of highly conductive carbon matrix. And the pure MoSe2 shows a pair of 

redox peaks at 1.28 and 1.98 V, which are wider than those of MoSe2/N-C nanosphere at 

1.38 and 1.82 V. The large electrochemical polarization indicates the slow charge transfer 

kinetics of pure MoSe2, which reveals the kinetics enhancement and improved 

electrochemical reversibility.97-98 In terms of the electrochemical impedance 

spectroscopy (EIS), as shown in Fig. 3.10 d, both samples exhibit a semicircle in high 

frequency region and an inclined line in low frequency region, which correspond to the 
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Fig. 3.11 (a) CV curves with a scan rate of 0.1 mV s-1 and (b) charge and discharge profiles at a current 

density of 0.1 A g-1 in the first three cycles for pure MoSe2 electrode. 
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electrochemical reaction impedance (namely, charge-transfer resistance) in electrode and 

ion diffusion impedance in electrolyte, respectively. The simulated values of Ohmic 

resistance (Rs) and charge-transfer resistance (Rct) for the MoSe2/N-C nanosphere 

electrode are 5.4 and 198.6 , respectively, which are lower than those of the pure MoSe2 

electrode (7.5 and 549.7 ). The lower impedance also reveals the improved charge 

transfer kinetics of the active materials. 

The advantage of uniform distribution of active materials in conductive matrix is 

also verified by the rate capability and cyclic stability. Figure 3.10 e depicts the rate 

performance for the two types of electrode materials. The MoSe2/N-C nanosphere 

electrode deliveries the specific capacities of 533, 426, 355, 310, 248, 180, 113 mAh g-1 

at the current densities of 0.1, 0.2, 0.5, 1, 2, 5, 10 A g-1, respectively, which are much 

higher than those of pure MoSe2 electrode. The charge and discharge capacities 

recovered to the initial magnitude as the current density reduced back to the initial rate 

of 0.1 A g-1, implying the good rate performance of the composite. To study the cycling 

stability, the two kinds of electrode materials were measured under a current rate of 0.5 

A g-1 (Figure 3.10 f). The MoSe2/N-C nanosphere delivers a high specific capacity of 

558 mAh g-1 in the first discharge process, which is higher than that of pure MoSe2 active 

material. Indeed, the MoSe2/N-C nanosphere electrode outperforms most MoSe2 

composite electrodes in the literature (see detailed comparison in Table 3.1). 

From the second cycle, the composite shows a high capacity retention of 89.8 % 

after 500 cycles. In contrast, the pure MoSe2 electrode decays from 368 to 71 mAh g-1 

after 500 cycles. The MoSe2/N-C electrode exhibits better cycling stability than that of 

pure MoSe2 active material for sodium ion storage. In addition, the SEM images (Figure 

3.12 a and b) of MoSe2/N-C electrode material after 500 cycles exhibits the better 

dispersion and morphological preservation of nanosphere structure than the pure MoSe2 

powder with severe agglomeration (Figure 3.12 c and d), except the destruction of 

nanosheets on the surface. 
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Table 3.1 A survey of electrochemical Na-ion storage properties of MoSe2 and its composites measured 

in half cell (Na metal as counter electrode). 

 

Electrode 

description 

Specific capacity 

(voltage range) 

Cycling stability 

MoSe2/N-C (this 

work) 

533 mAh g-1 at 0.1 A g-1 (0.01−3.0 

V) 

89.8 % (334 mAh g-1) after 500 cycles at 

0.5 A g-1 

MoSe2 yolk–shell 

microsphere104 

448 mAh g-1 at 0.2 A g-1 (0.001−3.0 

V)  

82.2 % after 50 cycles at 0.2 A g-1 

MoSe2 

Nanosheets/rGO126 

~490 mAh g-1 at 0.1 A g-1 (0.01−3.0 

V) 

430 and 380 mAh g-1 after 200 cycles at 

0.5 and 1 A g-1 

MoSe2 

Nanospheres127 

520 mAh g-1 at 0.04223 A g-1 

(0.1−3.0 V) 

80 % after 200 cycles at 0.04223 A g-1 

MoSe2/carbon 

fiber128 

452.6 mAh g-1 at 0.2 A g-1 (0−3.0 

V) 

85.5 % after 100 cycles at 0.2 A g-1 

MoSe2@porous 

hollow carbon 

spheres99 

575 mAh g-1 at 0.2 A g-1 (0−3.0 V) 580 mAh g−1 after 100 cycles at 0.2 A g-1 

MoSe2/hollow 

carbon fiber129 

--- 423 and 395 mAh g-1 after 100 cycles at 

0.5 and 1 A g-1 

MoSe2 nanoplates100 513 mAh g-1 at 0.04223 A g-1 

(0.1−3.0 V) 

71.9 % after 50 cycles at 0.04223 A g-1 

MoSe2/CNTs124 ~450 mAh g-1 at 0.2 A g-1 (0.01−3.0 

V) 

102.0 % after 90 cycles at 0.2 A g-1 

 

a b

c d

Fig. 3.12 Morphologies of (a, b) MoSe2/N-C and (c, d) pure MoSe2 electrode after 500 cycles 

at 0.5 A g-1. 
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3.3.3 Investigation of the storage mechanism 

 

Finally, the sodium ion storage mechanism of MoSe2 was investigated by ex-situ 

XRD to the MoSe2/N-C electrodes. For this measurement, six cells made from identical 

electrodes were stopped at different potentials in their first discharge and charge 

processes (see Figure 3.13 a), and then disassembled in the Ar-filled glove box. The 

MoSe2/N-C electrodes were rinsed with diethyl carbonate (DEC) and dried in the vacuum 

chamber completely. Their corresponding XRD patterns are depicted in Figure 3.13 b. 

When the electrode is discharged to 0.5 V, the intensities of characteristic peaks of MoSe2 

decrease greatly, and the peaks of molybdenum oxide start to appear. When further 

discharged to 0.01 V, the MoSe2 peaks vanish completely, while only peaks of 

molybdenum oxide exist. During the discharge below 0.5 V, the MoSe2 is converted to 

elemental Mo and Na2Se.93, 98 So the oxide should result from a rapid oxidation of the 

nanostructured elemental Mo in the air during XRD measurement. When the electrode 

was charged back from 0.01 V to 3.0 V, the diffraction peaks of MoSe2 could not be 

detected anymore, and some obvious peaks due to molybdenum oxide remains. This 

implies that the material after the full charging is no longer a layered MoSe2 nor a Na-

intercalated MoSe2. The result above verifies the irreversible conversion reaction of 

MoSe2 during the first cycle, and implies that the subsequent Na-ion storage process 

should be based on an alloy reaction between Se and Na.98, 130 

 

3.4 Conclusion 
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Fig. 3.13 Ex-situ XRD measurements at different potentials. (a) The discharge and charge profiles at a 

current density of 0.1 A g
-1

 and (b) ex-situ XRD patterns at the corresponding potentials in the first 

cycle for MoSe
2
/N-C electrode. 
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The generic method of synthesizing Mo-based thin sheet materials (MoSe2, MoS2, 

and Mo2C) within N-doped carbon composite nanospheres has been demonstrated. The 

formation process is determined to be induced by polydopamine assisted self-assembly, 

which also provides N-doping in the carbon. The uniform embedding of nanosheets 

within the conductive carbon matrix renders enhancement in the charge transfer and the 

sodiation/desodiation kinetics. In particularly, the MoSe2/N-C nanospheres, as the anode 

materials, are introduced into Na-ion batteries, which exhibit a high capacity of 533 mAh 

g-1 (at 0.1 A g-1) and long cycle stability (a capacity retention of 89.8 % after 500 cycles 

at 0.5 A g-1). We also provide evidence to the charge storage mechanism, which is 

irreversible decomposition reaction during the first discharge followed by reversible Na-

S alloy reaction. Our study may provide a promising strategy toward high-performance 

battery electrodes through smart hybridization of active nanomaterials with carbon. 
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Chapter 4 Selenium Substitution of MoS2-xSex for 

Sodium-ion Storage 

Two-dimensional (2D) layered transition-metal dichalcogenides has been regarded 

as promising electrode materials for fast-rate Li-ion and Na-ion batteries. Monolayer or 

multilayer MoS2 nanoflakes have been employed for metal ion batteries but the material 

suffers from poor cyclic stability due to damage of the layered structure in a 

decomposition reaction. Herein, we synthesize ultrathin MoS2-xSex nanoflakes quasi-

vertically aligned on the graphene-like carbon foam (the obtained material is referred to 

as MoS2-xSex/GF) and investigate the Na-ion storage property using in-situ Raman 

spectroscopy and ex-situ XRD measurements. We show that by choosing appropriate 

potential range, it is possible to maintain the 2D layered structure and thus significantly 

improve the capacity retention due to the intercalation mechanism. As a freestanding 

electrode, the MoS2-xSex/GF demonstrates high-rate reversible Na-ion storage, where 

both the capacity and rate-performance are enhanced by the selenium substitution. This 

study sheds new light on better understanding of the metal ion storage mechanism of 2D 

transition metal chalcogenides that are being widely investigated. 

 

4.1 Introduction and motivation 

In the pursuit of the large-scale energy storage systems, sodium-based energy 

storage devices, such as sodium-ion batteries (SIBs), sodium-sulfur batteries and sodium 

ion capacitors, have drawn enormous attention recently. SIBs have been investigated as 

promising alternative to lithium-ion batteries (LIBs) due to lower cost of sodium salt and 

similar processing technology as LIBs. In comparison with the ionic radius of lithium ion 

(0.67 Å), the larger sodium ion (1.06 Å) leads to inferior electrochemical performance, 

resulting from its sluggish ion transport kinetics in the crystal structure. Furthermore, the 

large ionic diameter also results in severe structural distortion of the active material 

accompanied by phase changes or structural pulverization.85, 131 Current research efforts 

are being devoted to development of new electrode materials and surface engineering to 

improve the rate and cycle performance. 

2D layered transition metal dichalcogenides (TMDs) have been intensively 

investigated as anode materials in LIBs and SIBs, because they have larger lattice 
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spacings than the diameters of Li+ and Na+ and their electrochemical potentials of storing 

Li+ and Na+ are mainly below 2 V, which is relatively lower than those of cathode 

materials at about 4 V.84, 92-93, 132 Among them, MoS2 has been leveraged as the anode 

material in SIBs, because of its high theoretical capacity (~670 mAh g-1, based on 4 mol 

of Na+ insertion) and small lattice expansion during sodiation and desodiation 

processes.133-134 However, the cycling performance of MoS2 anode material in SIBs has 

been poor, for which an accepted reason is the irreversible decomposition reaction during 

the first discharge to a low potential region. It has been proposed that the sodiation 

mechanism of MoS2 proceeds in two stages,93, 135 and the corresponding reaction can be 

written as: 

Stage 1:     MoS2 + x Na+ + x e-  NaxMoS2                   (4.1) 

Stage 2:     NaxMoS2 + (4-x) Na+ + (4−x) e- → Mo + 2 Na2S       (4.2) 

In the high potential range, sodium ions first intercalate into the lattice (Eq. 4.1), 

followed by decomposition reaction in the low potential range (Eq. 4.2). During the first 

sodiation process, MoS2 decomposes to metallic Mo, which is regarded as the main cause 

to poor cycle performance. Maier and coworkers prepared the single-layered ultrasmall 

MoS2 nanoplates embedded in thin carbon nanowires, which showed a remarkable 

discharge capacity of 623 mAh g-1 at 1 A g-1.136 However, the capacity dropped to 56 % 

only after 100 cycles. Choi at al. enhanced the cycle performance with nearly no capacity 

loss for 100 cycles by adopting the liquid-phase exfoliated MoS2 nanosheet and adjusting 

the potential range to 0.4-2.6 V.137 Unfortunately, it was sacrificed with capacity (around 

110 mAh g-1 at 0.8 A g-1). Therefore, maintaining a good cycle performance without 

sacrificing capacity is highly meaningful but so far remains a challenge. In this work, we 

made big progress towards this goal by introducing selenium into MoS2 crystal structure 

to expand the layer spacing (atomic size of selenium is ~1.2 Å and ~1.05 Å for sulfur) 

and choosing a proper potential range. The increased lattice spacing can facilitate the 

intercalation of sodium ions into the layers, which can enhance the electrochemical 

kinetics and rate performance.  

Ex-situ X-ray diffraction (XRD) measurements have been conducted to unveil the 

sodiation mechanism of MoS2.
135, 138 Wang et al. investigated the process with ex-situ 

XRD at three stages.138 The diffraction peak of Na2S emerged when the electrode was 

fully discharged to 0.005 V, and still existed when the electrode was fully re-charged to 

2.5 V. In contrast, the peak of MoS2 fully disappeared and could not recover. Similarly, 
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Dou et al. have also studied the process with ex-situ XRD and observed the same 

phenomenon when the electrode was discharged to 0.01 V and re-charged to 2.5 V.135 

These data imply irreversible reaction in the first cycle. Nevertheless, the ex-situ XRD 

measurements cannot provide accurate information once the 2D nanomaterial becomes 

amorphous or oxidized during exposure to air ambient. Herein, we employed both ex-

situ XRD and in-situ Raman measurements to track the sodiation and desodiation 

processes of our MoS2-xSex nanosheet electrode. Raman peaks are very sensitive to 

composition and phase change, it is especially a useful investigative tool for 2D materials.  

To implement the ideas mentioned above, we judiciously designed the electrode by 

growing MoS2-xSex alloy with an ultrathin nanoflake structure on 3D graphene foam 

backbone. The obtained MoS2-xSex/GF material is directly used as freestanding anode for 

SIBs. We have observed higher capacity and rate performance due to selenium 

substitution induced lattice expansion and pseudocapacitive effect. Furthermore, we also 

provide strong evidence by in-situ Raman measurement to the intercalation mechanism 

in a properly selected potential range. Our study provides better understanding and 

manipulation of the metal ion storage in layered TMD materials. 

 

4.2 Materials preparation 

4.2.1 Synthesis of MoS2/GF 

For the synthesis of MoS2/GF, the hydrothermal reaction is conducted. MoS2-xSex 

nanoflake/3D graphene foam (MoS2-xSex/GF) was prepared with a hydrothermal reaction 

and a selenization process. A 0.06 g amount of sodium molybdate (Na2MoO4·2H2O) and 

0.12 g of thiourea were dissolved with 30 mL of distilled water at ambient temperature. 

After the complete dissolution, the mixture was transferred into a Teflon-lined stainless-

steel autoclave. A piece of graphene foam substrate (~1 mg cm-2, synthesized by the CVD 

method) was soaked inside the solution, then the autoclave was kept in an electric oven 

at 220C for 12 hours. After cooling to room temperature, the sample was washed with 

distilled water and ethanol with three times. The obtained sample was dried under 

vacuum at 70C for 12 h to achieve the 3D graphene foam supported MoS2 nanoflake. 

Then MoS2/GF was obtained after a calcination in Ar atmosphere for 2 h. 

4.2.2 Synthesis of MoS2-xSex/GF 
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In terms of the synthesis of MoS2-xSex nanoflake/3D graphene foam (MoS2-xSex/GF), 

a selenization process has been performed. The MoS2-xSex/GF was synthesized with a 

calcination at 700C for 2h in a mixed Ar-H2 (2% H2) atmosphere with addition of 

selenium powder (0.3 g) placed at the upstream side of the furnace. 

4.3 Results and discussion 

4.3.1 Materials characterization 

 

The pristine graphene foam framework was characterized by SEM with low and 

high resolution in Figure 4.1. The MoS2 has a porous and frizzy nanoflake structure 

(Figure 4.2 a), which can enlarge the electrode surface area and enable efficient ion 

transport. After the selenium substitution with a suitable concentration, the obtained 

MoS2-xSex/GF maintains the uniform nanoflake morphology (Figure 4.2 b and Figure 

4.3). The phase and composition are identified with X-ray diffraction (XRD) and Raman 

spectroscopy measurement. The XRD patterns of both MoS2/GF and MoS2-xSex/GF 

depicted in Figure 4.2 c show the obvious characteristic peaks, which indicates their good 

crystallinity. In comparison with MoS2, the corresponding XRD peaks of MoS2-xSex shift 

to lower degree. This reveals that the selenium substitution has enlarged the lattice 

spacing. For example, the (002) peak of the MoS2 at 14.55°shifts to 13.6°after the 

selenization, corresponding to lattice spacing from 6.08 to 6.51 Å due to the larger 

diameter of selenium atom than sulfur. Larger lattice spacings are favorable in facilitating 

the intercalation and deintercalation of sodium ions between the interlayers.139-140 The 

Raman spectrum of MoS2/GF (black curve in Figure 4.2 d) shows two characteristic 

peaks located at 403 and 377 cm-1, corresponding to the A1g (out of plane) and E1
2g (in 

plane) modes of MoS2.
141-142 For the MoS2-xSex/GF sample (red curve), additional Raman 

peaks due to Mo-Se vibrations appear after the selenization, and meanwhile the peak 

a b

Fig. 4.1 SEM images of graphene foam in low (a) and high (b) resolution. 
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intensities of Mo-S vibration modes decrease. The peak located at 287 cm-1 attributes to 

the E1
2g vibration mode of Mo-Se.95-96, 143 The two peaks at 237.7 and 250.6 cm-1 come 

from the splitting of MoSe2-like A1g mode, which results from the different coordination 

configuration of Se and S around Mo.144-145 
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Fig. 4.2 FESEM images of (a) MoS2/GF and (b) MoS2-xSex/GF. (c) XRD patterns and (d) Raman spectra 

of MoS2/GF and MoS2-xSex/GF. 

Fig. 4.3 The image of MoS2-xSex/GF in low magnification. 
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The structures of MoS2/GF and MoS2-xSex/GF were further examined by high-

resolution transmission electrode microscopy (HRTEM) (Figure 4.4 a-f). Indeed, both 

samples have similar thin flake structure with a thickness of ~7 nm. The lattice spacings 

of MoS2, as identified in Figure 4.4 c, are 0.22, 0.26 and 0.61 nm, corresponding to the 

(103), (101) and (002) crystal planes. The corresponding lattice spacings of MoS2-xSex 

are 0.24, 0.28 and 0.68 nm (Figure 4.4 f). The expansion of lattice spacings due to 

selenium substitution is good accordance with the XRD result. X-ray photoelectron 

spectroscopy (XPS) measurement was used to investigate the surface chemical 

composition difference on the two samples. The two obvious peaks located at 229.3 and 

232.4 eV (Figure 4.4 g) corresponds to Mo 3d5/2 and Mo 3d3/2 in the MoS2-xSex/GF 

sample, which are very similar with the spectrum in the MoS2/GF except for small energy 

shift around 0.5 eV (Figure 4.5 b).140 
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Fig. 4.4 TEM and HRTEM images of (a-c) MoS2/GF and (d-f) MoS2-xSex/GF. XPS spectra of MoS2-

xSex/GF: (g) Mo 3d and S 2s, (h) S 2p and Se 3p and (i) Se 3d. 
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Selenium element was detected only in the MoS2-xSex/GF sample: The peaks at 

161.1 and 166.8 eV come from the Se 3p3/2 and 3p1/2 (Figure 4.4 h), and the peaks at 54.8 

and 55.6 eV come from Se 3d5/2 and Se 3d3/2 (Figure 4.4 i). And the Se composition ratio 

in the MoS2-xSex/GF sample was determined to be x=0.9 based on the XPS intensity 

ratios. Furthermore, energy dispersive X-ray spectroscopy (EDX) mapping analysis of 

MoS2-xSex/GF (in Figure 4.6 a) also confirms the existence of Mo, S and Se elements and 

their homogeneous distribution. The S:Se ratio estimated from EDX spectrum is about 

14:0.86 in the MoS2-xSex (Figure 4.6 b). 
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Fig. 4.5 XPS spectra of MoS2/GF: (a) survey, (b) Mo 3d and (c) S 2p. 
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4.3.2 Electrochemical analysis 

The freestanding MoS2/GF and MoS2-xSex/GF were directly used as electrodes to 

investigate the electrochemical measurements in SIBs. Their typical cyclic voltammetry 

(CV) curves for initial three cycles in a potential range from 0.5 to 3.0 V (vs. Na+/Na) 

with a scan rate of 0.2 mV s-1 are illustrated in Figure 4.8 a and b. 

They have obvious irreversible capacities in the low voltage range (mainly 0.8-0.5 

V) during the first cathodic processes, which result from the formation of solid electrolyte 

interface (SEI) on the surface of electrode materials, but their reversibility has been 

enhanced from further cycles. The CV curves of both MoS2/GF and MoS2-xSex/GF 
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Fig. 4.6 (a) Element mapping images of Mo, S and Se. (b) EDX spectrum of MoS2-xSex/GF electrode. 
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(Figure 4.7 a) show multiple redox peaks superimposed with capacitive currents. 

Especially the quasi-rectangular CV curves within the potential range from 0.5 to 2.4 V 

indicate the good capacitive-like electrochemical property.134, 138 Their galvanostatic 

discharge-charge profiles (Figure 4.7 b) reveal the quasi-linear behavior, which is also 

indicative to capacitive-model dominating mechanism. In terms of the electrochemical 

impedance spectroscopy (EIS), as depicted in Figure 4.7 c, the electrochemical reaction 

impedance in electrode and ion diffusion impedance in electrolyte can be determined by 

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

respectively. Based on the simulation equivalent circuit (Inset in Figure 4.7 c), the 

simulated values of Ohmic resistance (Rs) and charge-transfer resistance (Rp) for the 

MoS2-xSex/GF electrode are about 4.2 and 420 , respectively, which are lower than those 

of the MoS2/GF electrode (5.2 and 585 ). It demonstrates the selenium substitution can 

improve the electrode conductivity.  

The MoS2/GF electrode displays higher first-cycle coulombic efficiency of 60 % 

than that of MoS2-xSex/GF electrode with 55 % (Figure 4.7 d). After SEI stabilization, in 

the next 500 cycles, both them show nearly 100% coulombic efficiency. The third 

discharge capacities of the two electrodes are 208 and 178 mAh g-1, respectively. Note 

that the capacities were calculated based on active materials only without adding the mass 

of graphene foam since our main purpose is to discuss the intrinsic electrochemical 

property of the material rather than performance of a full battery cell. The specific 

capacity of GF beyond 0.5 V is about 0.5 mAh g-1 at the current density of 0.2 A g-1 (see 

Figure 4.9), their capacity retentions are at about 77 % after 500 cycles. 
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Fig. 4.7 Electrochemical properties of MoS2/GF and MoS2-xSex/GF for SIB in the voltage range of 

0.5~3.0 V vs. Na+/Na. (a) Third-cycle CV comparison with a scan rate of 0.4 mV s−1, (b) galvanostatic 

discharge-charge profiles at a current density of 0.2 A g−1 and (c) Nyquist plots at 3.0 V after ten cycles 

(the resistance is simulated using the same equivalent circuit inserted in the figure). (d) Cycling stability 

at 0.2 A g−1, (e) rate capability with different current densities and (f) normalized ratios about diffusion 

and capacitive current contribution. 
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This significant improvement in capacity retention originates from a properly 

selected potential range. To compare, we also measured the cycling stability of our MoS2-

xSex/GF electrode in the potential range of 0.01-3.0 V vs. Na+/Na (see Figure 4.10 a), 

which exhibits a much poorer cycle performance of about 60 % after 300 cycles.  
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Fig. 4.8 CV curves with a scan rate of 0.2 mV s-1 of (a) MoS2/GF and (b) MoS2-xSex/GF electrodes and 

their first three discharge and charge profiles at a current density of 0.2 A g-1 in (c) and (d). 
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Fig. 4.9 Cycle stability of graphene foam at 0.2 A g-1 within the potential range of 0.5-3.0 V. 
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This electrochemical instability is correlated to the change of microscale 

morphology. The MoS2-xSex/GF sample tested within the potential range of 0.01-3.0 V 

after 300 cycles shows severe agglomeration (see SEM images in Figure 4.10 b). In 

contrast, when cycled in the potential range of 0.5-3.0 V, both MoS2/GF and MoS2-

xSex/GF electrodes still exhibit the nanoflake structure after 500 cycles with only slight 

agglomeration on the surface (see Figure 4.11 a and b). 

 

In addition, both MoS2-xSex/GF and MoS2/GF electrodes show good rate 

performance, but the former has some enhancement (data presented in Figure 4.7 e). The 

better rate performance results from the expanded lattice spacing after the selenium 

substitution. After cycling at various current from 0.2 to 5 A g-1 and then back to 0.2 A 

g-1, both electrodes can recover the initial capacities and maintain in the next 50 cycles. 

The above results demonstrate that adjustment of potential range is an effective approach 

Fig. 4.10 (a) Cycling stability of MoS2-xSex at 0.2 A g-1 for 300 cycles within the potential range of 0.01-

3.0 V vs. Na+/Na. (b) Morphology of MoS2-xSex/GF electrode after 300 cycles at 0.2 A g-1 with low and 

high (insert) resolution. 
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Fig. 4.11 Morphologies of (a) MoS2/GF and (b) MoS2-xSex/GF electrodes after 500 cycles at 0.2 A 

g-1 with low and high (insert) resolution. 
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to improve electrochemical performance. The comparison on electrochemical properties 

of MoS2-xSex/GF in this work and its analogues in half cells are displayed in Table 4.1, 

which shows the MoS2-xSex/GF has relatively better cycle performance, but has relatively 

poor specific capacity, because it has narrow potential window of 0.5-3.0 V vs. Na+/Na. 

 

Table 4.1 A survey of electrochemical Na-ion storage properties of MoS2-xSex and its analogues in half 

cells (Na metal as counter electrode). 

 

Electrode materials Specific capacity (mAh 

g-1@A g-1) (potential 

window vs. Na+/Na) 

Rate performance 

(mAh g-1@A g-1) 

Cycle performance 

(% /cycle@A g-1) 

MoS2-xSex/GF 

(this work) 

222@0.2 (0.5-3.0 V) 120@5 78.6/500@0.2 

MoS2 nanosheet146 148@0.012 (0.01-3.0 V) 120@0.12 / 

MoS2/graphene 

nanoribbon aerogel147 

372@0.5 (0.01-3.0 V) 203@15 35.1/1,500@5 

Sandwich-like 

graphene@MoS2@C 

sheets148 

480@0.1 (0.01-3.0 V) 320@5 54/200@0.1 

MoS2 nanosheet/C149 433@0.2 (0.01-3.0 V) 232@10 / 

MoS2-RGO150 305@0.1 (0.01-3.0 V) 214@1 50/50@0.1 

MoS2/electrospun 

carbon nanofibers 

(CNFs)151 

347.5@0.1 (0.01-3.0 V) 147.5@3.2 50.3/50@0.05 

66/500@1 

MoS2 Nanosheets/C152 447.9@1 (0.01-3.0 V) 306.9@5 60.6/200@1 

MoS2 nanosheet@ N-

C nanofiber153 

510@0.05 (0.01-3.0 V) 355@2 55/100@0.1 

MoS2
154 372.4@0.5 (0.01-3.0 V) 301.5@5 84/340@1 

 

MoS2 hollow sphere155 391.4@0.1 (0.01-3.0 V) 308@2 28.5/20@2 

MoS2 ultrathin 

nanosheet156 

419@0.2 (0.01-3.0 V) 184@4 67.2/50@0.1 

MoS2 nanoflakes 

@3D carbon157 

483@0.2 (0.01-3.0 V) 358@5 34.6/200@0.5 

MoS2/cotton-derived 

carbon fiber158 

442.7@0.1 (0.01-3.0 V) 355.6@2 58.5/150@0.5 

MoS2@RGO 

nanosheet159 

450@0.1 (0.01-3.0 V) 280@2 43.1/160@1 

MoS2/C nanosphere160 535@0.1 (0.01-3.0 V) 242@5 15.9/5,000@2 

MoS2-RGO161 363.6@0.1 (0.01-3.0 V) 208.6@1 53.4/345@1 

mailto:50.3/50@0.05
mailto:306.9@5
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Pseudocapacitance enhancement 

The better rate performance of MoS2-xSex/GF draws our attention to understand the 

kinetics origin. The analyses of redox capacitive contribution of the two electrodes have 

been adopted to investigate their electrochemical kinetics. The capacitive effect of the 

electrode at different redox peaks can be qualitatively analyzed from CV curves 

according to the equation between measured current (i) and scan rate (v): i=avb, where a 

and b are parameters.84 When the b value approaches to 1, the electrode kinetics is 

controlled by capacitive processes; while the b is close to 0.5, the electrode kinetics is 

diffusion limited (including diffusion on surface, subsurface and bulk lattice). Details of 

the results for both electrodes are presented in Figure 4.12 and 4.13. Their CV shapes 

have been well preserved with increasing scan rate from 0.2 to 1.0 mV s-1. The linear 

dependence (b 1) of the current on the sweep rate is determined for both electrodes 

(Figure 4.12 b and 4.13 b). The MoS2-xSex/GF electrode shows generally higher b values 

than those of the MoS2/GF electrode, which suggests the enhanced capacitive process 

after the selenium substitution.   
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Fig. 4.12 Quantitative analysis of sodium storage behavior of MoS2-xSex/GF electrode. (a) CV curves at 

different scan rates. (b) Relationship between logarithm redox peak current and logarithm scan rate. (c) 

Diffusion current contribution (blue area) and capacitive current contribution (red area) at 0.4 mV s-1. (d) 

Normalized current contribution ratios of diffusion and capacitive parts at different scan rates. 



79 

 

While the total capacity of nanostructured material generally comes from both 

diffusion-limited and capacitive currents, we can empirically quantify the contributions 

of the two processes by conducting the standard CV fitting. To do this, we separate the 

current response (i) into capacitive-derived and diffusion-derived current at a fixed 

potential (v).84 According to the relationship of i(V)=k1v+k2v
1/2, where k1v is the 

capacitive part, k2v
1/2 is the diffusion-controlled part, v is the scan rate, and k1 and k2 are 

constants. For example, at scan rate of 0.4 mV s-1, the fitting analysis generates the 

capacitive fraction within the entire potential range of 0.5 ~ 3 V (shaded regions in Figure 

4.12 c and 4.13 c), which are calculated to be 63.8 % and 68.4 % in MoS2/GF and MoS2-

xSex/GF electrodes, respectively. Following this route, capacitive contribution ratios at 

other different scan rates are determined and presented in Figure 4.12 d and 4.13 d.  

 

One can see that, as the scan rate increases, the fraction of capacitive contribution 

enlarges, which is reasonable since the bulk diffusion vs capacitive (surface-dominated 

diffusion) processes depends on the scan rate. By comparing the contribution fractions 

between the MoS2-xSex/GF and MoS2/GF electrodes (see data in Figure 4.7 f), we can see 
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Fig. 4.13 Quantitative analysis of sodium storage behavior of MoS2/GF electrode. (a) CV curves at 

different scan rates. (b) Relationship between logarithm redox peak current and logarithm scan rate. (c) 

Diffusion current contribution (blue area) and capacitive current contribution (red area) at 0.4 mV s-1. 

(d) Normalized current contribution ratios of diffusion and capacitive parts at different scan rates. 
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that former exhibits higher capacitive contribution than the latter at all scan rates. 

Recalling the above-mentioned rate performance result, we may conclude that the 

capacitive contribution plays an important role in improving the capacity retention at 

different discharge currents. And the selenium substitution has enhanced the 

pseudocapacitance effect by enhancing the lattice spacings. 

 

4.3.3 Investigation of the storage mechanism  

In-situ Raman measurement is an effective characterization tool to investigate the 

composition and crystal structure change during sodiation and desodiation processes. 

MoS2-xSex, as one kind of 2D materials, has two types of Raman vibration modes, which 

can be detected and distinguished easily, so the Raman signal is very sensitive to the 

MoS2-xSex. The growth of active material on graphene foam can be used as freestanding 

electrode to do the measurement without any additive and current collector, which can 

avoid the influence on Raman signals from additive and current collector. The explosion 

of active material on graphene foam without any coating layer also provides a good 

observation to Raman test. The Raman signals of active materials could be distinguished 

easily. Here, we conducted the in-situ Raman measurement of the MoS2-xSex/GF 

electrode during the first sodiation and desodiation processes in two discharge/charge 

potential ranges: 0.01-3.0 V (Figure 4.14) and 0.5-3.0 V (Figure 4.15). 

Therein, the Raman spectrum at open circuit voltage (OCV) of 2.4 V shows the 

fingerprint peaks of MoS2 and MoSe2 in the range of 200-500 cm-1. The Raman peaks at 

237.8 and 253.3 cm-1 come from the peak splitting of MoSe2 A1g vibration mode, and the 

peak at 287 cm-1 corresponds to the MoSe2 E
1

2g vibration mode. The peaks located at 

377.1 and 405.4 cm-1 are attributed to in-plane E1
2g and out-of-plane A1g modes of MoS2, 

respectively. Discharging the cell down to 0.8 V results in continuous attenuation of the 

Mo-Se and Mo-S peaks (Figure 4.14 a), which is due to the increase of intercalated 

sodium ions. When the discharge potential further goes to 0.6 V, the characteristic Raman 

peaks become invisible and there is also no emergence of any new peak, suggesting the 

disappearance of MoS2-xSex 2D structure. And there is no emergence of new peak even 

when the cell was deep discharged to 0.01 V. Afterwards, the cell was charged from 0.01 

V onwards until back to 3.0 V (Figure 4.14 b). Surprisingly, the Mo-Se and Mo-S Raman 

peaks never reappear. This implies that the pristine 2D structure in MoS2-xSex has been 

destroyed after the first discharge to 0.01 V. This is also confirmed by ex-situ XRD 
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measurement (Figure 4.14 c). Compared to the initial XRD curve, the characteristic peaks 

of MoS2-xSex/GF disappear when the electrode is discharged to 0.01 V and re-charge to 

3.0 V. The above results jointly confirm that the irreversible loss of the layered structure 

of MoS2-xSex in the first sodiation (discharge) process to 0.01 V. 
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Fig. 4.14 In-situ Raman spectra of the MoS2-xSex/GF electrode at different cut-off voltages during (a) 

discharge and (b) charge processes (0.01V-3.0 V) (c) Ex-situ XRD patterns of MoS2-xSex/GF electrode 

at different stages. 



82 

 

 

In contrast, it is found that the 2D structure is reversible in the potential range of 

0.5-3.0 V. As shown in Figure 4.15, when first discharged to 0.7 V. The characteristic 

Raman peaks of Mo-S and Mo-Se become very weak and even unresolvable (Figure 4.15 

a). However, in the subsequent charge process (Figure 4.15 b), the fingerprint peaks 

reappear beyond 0.9 V and grow in intensity with further increase in potential. We also 

conducted ex-situ XRD measurement at three stages to double confirm the crystal 

structure (see data in Figure 4.15 c). The new peak at 7.3 emerges when the electrode 

was discharged to 0.5 V, which results from the expansion of lattice spacing (1.22 nm) 

after the intercalation of sodium ions. All the characteristic peaks of MoS2-xSex/GF 

reappear when the cell is charged back to 3.0 V, implying that the crystal structure is 

preserved during the full sodiation and desodiation cycle, and that the Na-ion storage 

occurs via intercalation into the layers rather than the commonly-discussed 

“decomposition” reaction (Figure 4.15 d).  

Fig. 4.15 In-situ Raman spectra of the MoS2-xSex/GF electrode at different cut-off potentials during 

(a) discharge and (b) charge processes (0.5–3.0 V). (c) Ex-situ XRD patterns at different stages. (d) 

First sodiation/desodiation processes at different stages. 
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Based on the in-situ Raman and ex-situ XRD results, we can see that whether or not 

the 2D layered crystal structure of MoS2-xSex (and also MoS2 and MoSe2) depends on the 

discharge potential range. When discharged to below 0.5 V, the 2D structure will be 

destroyed because of decomposition reaction. However, it can be well preserved if the 

discharge voltage is maintained just above 0.5 V. Therefore, the adjustment of potential 

range is key to maintaining the 2D structure in MoS2-xSex and therefore enhancing the 

cycle performance (note that most previous reported MoS2 or MoSe2 2D electrodes suffer 

from severe instability). In addition, the selenium substitution enlarges the lattice spacing 

of the layered structure and improves the conductivity, which accounts for the enhanced 

rate performance. 

 

4.4 Conclusion 

In this work, thin MoS2-xSex nanoflakes grown quasi-vertically on 3D GF have been 

employed as freestanding and flexible electrode for Na ion storage. The MoS2-xSex/GF 

electrode with a Se concentration (x=0.9) exhibits enhanced rate performance with a 

higher reversible capacity and capacity retention compared to pure nanoflake MoS2/GF 

electrodes. Quantitative analysis reveals that the improved pseudocapacitive contribution, 

derived from enlarged interlayer spacing by selenium substitution, is the origin of good 

rate performance. The in-situ Raman together with ex-situ XRD measurements further 

reveals that the 2D structure in MoS2-xSex can be preserved due to Na-ion intercalation 

process in the potential range above 0.5 V. Discharge to 0.01 V leads to damage of the 

2D structure and aggregation. The insight of this experiment may be extended to other 

layered 2D materials in fast-rate metal ion storage. 
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Chapter 5 Zn ions storage in layered lepidocrocite-

VOOH 

Rechargeable aqueous zinc-ion battery (AZIB), as a novel promising candidate to 

grid-scale energy storage system, has drawn tremendous attention recently. The 

electrochemical properties and storage mechanisms of various vanadium-based materials 

have been investigated in AZIBs. However, these reported vanadium-based cathode 

materials usually possess the high valence states of vanadium (such as V4+ and V5+), the 

vanadium-based cathode materials with low valence states have scarcely been discussed 

yet. Herein, the lepidocrocite-VOOH with a low valence state (V3+) has been introduced 

in this work, which was synthesized with a self-sacrificial template induced method. Its 

electrochemical properties and reaction kinetics are investigated in detail. And 

composition changes and crystal structure evolution are also characterized by 

synchrotron-based in-situ X-ray diffraction (XRD). Moreover, the combined density 

functional theory (DFT) calculation provides a new storage mechanism of zinc ions in 

vanadium-based materials. 

 

5.1 Introduction and motivation 

The extensive development of portable electronics and renewable energy 

technologies facilitates researches on energy storage techniques. Rechargeable lithium-

ion battery (LIB), as an effective electrochemical energy storage system, has a great 

improvement in these three decades, which also inspires the studies of other alkali metal 

ion batteries, such as sodium-ion batteries (SIBs) and potassium-ion batteries (KIBs), 

because they have similar electrochemical mechanisms and behaviors within organic 

electrolytes.1, 162 However, LIBs cannot meet the severe requirement for large scale 

energy storage due to the high cost of raw resource. And there are still some safety issues 

with the conventionally flammable electrolytes.46 Multivalent metal-ion batteries using 

earth abundant elements (such as Zn, Al, Mg and Ca) have drawn tremendous attention 

as potential alternatives for alkali metal-ion batteries. Among them, AZIB has been 

revived recently because of the development of electrochemical principles, the 

advantages of low cost and earth-abundant materials, highly stable zinc element and high 

safety of aqueous electrolyte.163 And the zinc anode has a relatively high theoretical 
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capacity (820 mAh g-1) and a low redox potential (-0.76 V vs. standard hydrogen 

electrode). These merits of AZIB indicate its great application potential to large scale 

energy storage systems.25-26, 28-29, 164-165 

Zinc foil can be directly served as anode in AZIB, which is simple and cheap enough, 

so most researchers focus on the cathode materials. Many kinds of zinc salts, such as 

conventional ZnSO4 and Zn(CF3SO3)2, can be used as solutes in aqueous electrolytes 

with different concentrations, which possess high ion diffusivities and low toxicity. 

These strengths can meet the requirements of economical, environment-friendly and 

massive-scale energy storage systems.28, 165 Vanadium-, manganese- and Prussian Blue-

based materials are the main cathode materials for AZIBs, their main electrochemical 

potentials are in the range of 0.2 to 2.0 V vs. Zn2+/Zn. As for vanadium-based materials, 

many kinds of them with high valence states (such as V5+ and V4+) have been investigated 

within different types of electrolytes, and their storage mechanisms have also been 

studied with various characterization techniques.25, 28-29, 164-165 However, the vanadium-

based materials with low valence states (such as V2+ and V3+) have scarcely been reported 

yet. Some of them have suitable crystal structures to accommodate zinc ions inside. 

Moreover, common ex-situ measurements are not precise to detect the cyclic process 

because of the severe influence in the ambient environment. Thus, in-situ XRD technique 

is introduced in this work to reveal the zinc ion storage process. 

Lepidocrocite-VOOH has a low valence state (V3+) and the layered crystal structure 

with a lattice spacing of 6.255 Å in (020) crystal plane, which is much larger than the 

diameter of Zn2+ (0.75 Å). This implies the suitable crystal structure to store zinc ions 

inside. Herein, the lepidocrocite-VOOH nanobelt was synthesized with two-step 

hydrothermal reactions and served as cathode material to investigate its electrochemical 

properties with 2M Zn(CF3SO3)2 electrolyte. The VOOH exhibits relatively good 

electrochemical performance within the potential range from 0.2 to 1.6 V vs Zn2+/Zn. 

The electrochemical reaction kinetics is also investigated with galvanostatic intermittent 

titration technique (GITT) and redox capacity contribution analysis. Furthermore, the 

composition changes and crystal structure evolution are characterized with synchrotron-

based in-situ XRD. Combined with DFT calculation, a new storage mechanism of zinc 

ions in vanadium-based materials has been proposed. This work provides an insight into 

the study of cathode materials in AZIBs. 
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5.2 Materials preparation and theoretical calculation 

Lepidocrocite-VOOH nanobelt was synthesized with a self-sacrificial template 

induced method, which contains two step hydrothermal reactions. 

5.2.1 Synthesis of H2V3O8 precursor 

First, the precursor of H2V3O8 nanowire was prepared with a hydrothermal reaction. 

The 1 m mol VO(ACAC)2 was dissolved in a 45 ml Teflon-lion stainless steel autoclave 

with 37 mL of distilled water at the ambient environment. And then 1.5 mL of 1M HNO3 

solution was added into the solution dropwise with a stir for 15 minutes. After the stirring, 

the autoclave was kept in an electric oven at 180 ℃ for 12 hours. After cooling to room 

temperature, the sample was collected by washing with distilled water and ethanol for 

three times. The H2V3O8 nanowires were achieved by drying under vacuum at 60 ℃ for 

12 hours.  

5.2.2 Synthesis of VOOH nanobelt 

The obtained H2V3O8 nanowire was used as a precursor to fabricate lepidocrocite-

VOOH nanobelt with another hydrothermal reaction. 94 mg of H2V3O8 precursor was 

dissolved into an autoclave with 37 mL of distilled water under a stirring for 15 minutes, 

and then 0.6 mL of N2H4∙H2O was added into the solution dropwise with a stirring for 30 

minutes. The autoclave was put into an electric oven with 180 ℃ for 12 hours. After 

cooling to the ambient temperature, the lepidocrocite-VOOH nanobelt was collected by 

washing with distilled water and ethanol for three times and drying under Ar gas at 60 ℃ 

for 12 hours. 

5.2.3 Density functional theory (DFT) calculation 

The CASTEP (Cambridge Serial Total Energy Package) program was utilized to 

calculate the bond parameters of lepidocrocite-VOOH unit cells before and after the 

combination with Zn ions, which is based on the density functional theory and plane-

wave pseudopotential method. And the Perdew-Burke-Ernzerhof (PBE) function was 

applied to obtain the exchange-correlation potential in the generalized gradient 

approximation (GGA). Norm-conserving pseudopotentials were used for the description 

of electron-ion interactions. The cut-off energy of 520 eV was used for the expansion of 

plane waves. Tolerance for the self-consistence was employed at: 2 × 10-5 eV per atom 

for total energy, 0.05 eV Å-1 for force, 0.1 GPa for maximum stress and 0.002 Å for the 
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maximum displacement. G-point sampling of 3 × 4 × 1 k-point was used for integration 

of Brillouin zone. The dimensions of unit cell were 3.873 Å × 3.072 Å × 12.516 Å. 

Periodic boundary conditions were employed in all three directions. 

5.3 Results and discussion 

5.3.1 Materials characterization 

 

The precursor of H2V3O8 nanowire was synthesized with hydrothermal reaction, 

which endows a layered structure (in Figure 5.1a). The phase and composition of H2V3O8 

are identified with XRD and Raman spectroscopy measurements. The XRD pattern in 

Figure 5.1b shows the obvious characteristic peaks, which are in good agreement with 

the trivanadium pentaoxide hydrate (JCPDS: 85-2401).166-168 As for the Raman spectrum 

in Figure 5.1c, the absorption bonds at 140 and 191 cm-1 result from the stretching mode 

of (V2O2)n, indicating the layered structure.169 The fingerprint peaks located at 282 and 

405 cm-1 are attributed to the bending vibration mode of V-O. The peaks of 520 and 692 

cm-1 come from the stretching vibration of V-O, and the peak at 988 cm-1 is indexed to 
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Fig. 5.1 (a) Schematic crystal structure, (b) XRD pattern, (c) Raman spectrum and (d) XPS spectra of 

H2V3O8. 



88 

 

the stretching mode of V=O.167, 170 The valence states of H2V3O8 are further characterized 

by X-ray photoelectron spectroscopy (XPS). As shown in Figure 5.1d, the valence states 

of vanadium can be classified into representative V 2p3/2 and V 2p1/2 orbitals. The two 

peaks of V 2p3/2 can be identified into V4+ (516.4 eV) and V5+ (517.9 eV), respectively. 

Meanwhile, the spectrum of V 2p1/2 can be divided into 523.7 and 525.3 eV, which 

attribute to V4+ and V5+. The XPS peaks of O 1s at 530.5 and 531.4 eV belong to the 

bonds of O-V and O-H.168, 171-173 And energy dispersive X-ray spectroscopy (EDX) 

mapping analysis of H2V3O8 (in Figure 5.2a-c) also confirms the existence of V and O 

elements and their homogeneous distribution.   

 

The morphology of the precursor H2V3O8 was observed by field-emission scanning 

electron microscopy (FESEM) and high-resolution transmission electron microscopy 

(HRTEM). The images in Figure 5.3a-c exhibit the nanowire morphology, which possess 

a size of about 200 nm in width and hundreds of micrometers in length. The lattice-

resolved image of H2V3O8 nanowire presented in Figure 5.3d was obtained from HRTEM. 

The characteristic lattice spacings of 0.353 and 0.485 nm correspond to the (011) and 

(020) crystal planes with an angle of 68.9°.166-168 Moreover, the selected area electron 

diffraction (SAED) pattern, illustrated in the inset of Figure 5.3d, identifies the (020) and 

d e f

VOOH V O

H2V3O8
V O

a b c

Fig. 5.2 Element mapping images of V and O in (a-c) H2V3O8 and (d-f) VOOH. 
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(011) crystal planes, which demonstrate the intrinsic single-crystal structure of 

orthorhombic H2V3O8. 

 

The lepidocrocite-VOOH nanobelt was obtained via a further hydrothermal reaction 

with H2V3O8 nanowire precursor based on the self-sacrificial template induced synthesis. 

The inner crystal structure is presented in Figure 5.4a. The phase and composition of 

VOOH nanobelt were identified by XRD measurement. The obviously characteristic 

peaks of VOOH, as shown in Figure 5.4b, indicate the high crystallinity of the sample. 

According to the similarity of crystal structures between γ-FeOOH (JCPDS: 74-1877) 

and VOOH, the sample can be well indexed to the lepidocrocite-phase VOOH.174-175 The 

phases of VOOH were further identified by Raman spectroscopy in Figure 5.4c. The 

peaks located at 139 and 191 cm-1 indicate the layered structure inside.169 The peaks of 

281 and 406 cm-1 come from the bending vibration of V-O, and the stretching vibration 

results in the Raman peak at 694cm-1. The 990 cm-1 identifies the stretching vibration 

mode of V=O inside the VOOH.174, 176 Furthermore, XPS is an effective technique to 

reveal the valence states of VOOH. As shown in Figure 5.4d, the vanadium peaks located 

(020)
(011)

a b

c d

Fig. 5.3 (a and b) SEM and (c and d) HRTEM images with the SEAD pattern (inset in d) of H2V3O8. 
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at 516.3 and 523.9 eV are attributed to V 2p3/2 and V 2p1/2, respectively, which are in 

good agreement with the reported valence state of V3+. And the O 1s peaks at 530.5 and 

531.5 eV, coming from O-V and O-H bonds, are also identified.177-178 And EDX mapping 

analysis of VOOH, shown in Figure S2d-f, indicates the homogeneous distribution of V 

and O elements inside. 

 

The morphology of VOOH is also investigated by FESEM and HRTEM in Figure 

5.5. VOOH nanobelt possesses a size of 3-5 μm in length and ~100 nm in width (Figure 

5.5a-c). And the short length and rough surface of VOOH nanobelt could be speculated 

from the synthesis method of self-sacrificial template based on H2V3O8 nanowires. The 

fine-lattice structure of VOOH is presented in Figure 5.5d. Two representative lattice 

spacings of 0.656 and 0.349 nm with an angle of 64.2° can be identified to the crystal 

planes of (020) and (120), respectively.174-175, 179 And SEAD pattern (inset in Figure 5.5d) 

also demonstrates the high crystallinity of lepidocrocite-phase VOOH. 
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Fig. 5.4 (a) Schematic crystal structure, (b) XRD pattern, (c) Raman spectrum and (d) XPS spectra of 

the synthesized lepidocrocite-VOOH nanobelts. 
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5.3.2 Electrochemical analysis 

Electrochemical properties 

The H2V3O8 and VOOH were used as working electrode materials to investigate 

their electrochemical properties in AZIB. As for VOOH, its typical cyclic voltammetry 

(CV) curves for initial three cycles within the potential range from 0.2 to 1.6 V vs. 

Zn2+/Zn under a scan rate of 0.2 mV s-1 are presented in Figure 5.6a. Two pairs of redox 

peaks with good reversibility are illustrated in further two cycles. The pristine three CV 

curves of H2V3O8 at a scan rate of 0.2 mV s-1 are shown in Figure 5.7a, which have good 

reversibility and several pairs of redox peaks. The galvanostatic charge and discharge 

(GCD) profiles of VOOH (Figure 5.6b) with a current density of 0.5 A g-1 reveal a low 

Coulombic efficiency in the first cycle. The next two GCD profiles exhibit good 

reversibility. And the GCD curves of H2V3O8 with a current density of 0.5 A g-1 are 

presented in Figure 5.7b, which exhibit similar curves in the first three cycles. This 

demonstrates the good reversibility of H2V3O8 in AZIB. 

(020)

(120)

a b

c d

Fig. 5.5 (a and b) SEM and (c and d) HRTEM images with the SEAD pattern (inset in d) of 

lepidocrocite-VOOH nanobelts. 
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The energy storage properties of H2V3O8 and VOOH were studied with rate and 

cycle measurements at different current densities within the potential range of 0.2-1.6 V 

vs. Zn2+/Zn. In terms of the rate performance of H2V3O8, it exhibits the discharge specific 

capacities of ~280 and 195 mAh g-1 at the current densities of 0.5 and 5.0 A g-1 (Figure 

5.7c), respectively. The specific capacity recovers to ~290 mAh g-1 once the rate returns 

to 0.5 A g-1. VOOH delivers specific capacities of ~525 and 440 mAh g-1 at rates of 0.5 

and 5.0 A g-1 in Figure 5.6c, respectively. The capacitance recovers to ~510 mAh g-1 

when the current density returns to 0.5 A g-1. VOOH displays relatively higher specific 

capacity than most of vanadium-based cathode materials in Table 5.1. 
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Fig. 5.6 Electrochemical properties of lepidocrocite-VOOH within the potential range from 0.2 to 1.6 V 

vs. Zn2+/Zn. (a) The initial three CV curves with a scan rate of 0.2 mV s-1; (b) galvanostatic charge-

discharge profiles at a current density of 0.5 A g-1; (c) rate capability with different current densities and 

(d) cyclic stability and Coulombic efficiency at a current density of 1.0 A g-1. 
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As for the cyclic properties of VOOH at different current densities, they exhibit an 

activation process in the first several cycles, and their capacities step up first and then go 

down. The capacity retention of VOOH at 1.0 A g-1 is about 64.9 % after 500 cycles in 

Figure 5.6d. The Coulombic efficiency is low at first several cycles and then step up to 

about 100 % in the end. The capacity retentions at 0.1 and 5.0 A g-1 with 100 and 5,000 

cycles are about 53.8 % and 51.3 % in Figure 5.8a and b, respectively. The higher current 

density shows better capacity retention. However, the cycle performance of VOOH is 

relatively poorer than some of vanadium-based cathode materials in Table 5.1. The 

impedance changes of VOOH electrode after different cycles are investigated by 

electrochemical impedance spectroscopy (EIS) in Figure 5.9. The electrochemical 
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Fig. 5.7 Electrochemical properties of H2V3O8 within the potential range from 0.2 to 1.6 V vs. Zn2+/Zn: 

(a) The initial three CV curves with a scan rate of 0.2 mV s-1; (b) galvanostatic charge-discharge profiles 

at a current density of 0.5 A g-1; (c) rate capability with different current densities, and (e-f) cyclic stability 

and Coulombic efficiency at three different current densities. 
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reaction impedance in electrode and ion diffusion impedance in electrolyte can be 

determined by the semicircle in high frequency region and the straight line in low 

frequency region, respectively, which can be identified by the simulation equivalent 

circuit inserted in the figure. The simulated value of charge-transfer resistance (Rp) is 60 

Ω at original state, becomes small after 10 cycle (7 Ω) and then changes to large after 50 

(28 Ω) and 100 (35 Ω) cycles, which indicate the changes of interfacial charge-transfer 

resistances. The intercalation of Zn ions can reduce the resistance first, and then the 

change of electrode structure after many cycles can result in large resistance later. As for 

the cycle performance of H2V3O8, they also are tested with current densities of 0.1, 1.0 

and 5.0 A g-1 in Figure 5.7d-f. Their capacity retentions are worse than those of VOOH. 

The surface morphologies of VOOH electrode and zinc foil after 500 cycles at 1.0 A g-1 

are also measured in Figure 5.10. Figure 5.10a and b show the large nanosheet on the 

surface of VOOH electrode, and Figure 5.10c and d exhibit the small nanoflake on the 

surface of zinc foil, but there is no zinc dendrite on zinc foil observed from cross-section 

images in Figure 5.10e-f. The XRD pattern of zinc foil after 500 cycles at 1.0 A g-1 is 

measured in Figure 5.11, which only shows the XRD peaks of Zn (JCPDS: 87-0713), 

indicating the small nanoflake is only zinc on the surface of zinc foil. 

 

Table 5.1 Summary comparison on electrochemical performance of vanadium-based cathode materials in 

aqueous ZIBs. 

 

Cathode materials Electrolytes Specific 

capacity (mAh 

g-1 @A g-1) 

Rate 

performance 

(mAh g-1 @A 

g-1) 

Cycle 

performance (% 

/ cycle @A g-1) 

lepidocrocite-VOOH  

(this work) 

2M Zn(CF3SO3)2 525.0 @0.5 440.0 @5.0 51.3 / 5,000 @5.0 

VO2
180 3 M Zn(CF3SO3)2 265.0 @0.1 133.0 @10 79.0 / 10,000 

@10.0 

VO2 (B)181 3M Zn (CF3SO3)2 357.0 @0.1 171.0 @51.2 91.2 / 300 @2.0 

VO2/RGO182 3M Zn (CF3SO3)2 276.0 @0.1 120.0 @35.0 99.0 / 1,000 @4.0 

V2O5
183 21 M LiTFSI + 1 

M Zn(CF3SO3)2 

242.0 @0.05 156.0 @1.0 80.0 / 2,000 @2.0 

V2O5
184 3 M Zn(CF3SO3)2 465.0 @0.5 396 @10.0 91.1/ 4,000 @5.0 

V2O5
185 3 M ZnSO4 224.0 @0.1 NA 75.0 / 400 @2.0 

V2O5•nH2O186 0.5 M Zn(TFSI)2 

in AN 

196.0 @0.0144 130.0 @2.88 87.0 / 120 

@0.0144 
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V2O5·nH2O187 3 M Zn(CF3SO3)2 381.0 @0.06 248 @30.0 71.0 / 900 @6.0 

V2O5@PEDOT188 2.5 M 

Zn(CH3SO3F)2 

356.2 @0.1 232.2 @20 86.1 / 100 @0.2 

V3O7•H2O173 1 M ZnSO4 375.0 @0.375 275.0 @3.0 80.0 / 200 @3.0 

H2V3O8
169 3 M Zn(CF3SO3)2 410.3 @0.1 113.9 @5.0 94.3 / 1,000 @5.0 

H2V3O8/graphene168 3 M Zn(CF3SO3)2 394.0 @0.1 215.0 @3.0 87.0 / 2,000 @2.0 

V10O24·12H2O189 3 M Zn(CF3SO3)2 164.5 @0.2 80.0 @10.0 80.1 / 3,000 

@10.0 

LiV3O8
190 1 M ZnSO4  256.0 @ 

0.016 

29 @1.666 75.0 / 65 @0.133 

Na0.33V2O5
191 3 M Zn(CF3SO3)2 367.1 @0.1 96.4 @2.0 93.0 / 1,000 @1.0 

Na2V6O16•1.63H2O40 3 M Zn(CF3SO3)2 352.0 @0.05 162.0 @2.0 90.0 / 6,000 @5.0 

Na2V6O16•3H2O41 1 M ZnSO4 361.0 @0.1 113.95 @20.0 80.0 / 1,000 

@14.44 

Na1.1V3O7.9@rGO192 1 M Zn(CF3SO3)2 220.0 @0.3 NA 77.0 / 100 @0.3 

Zn2V2O7
193 1 M ZnSO4 248.0 @0.05 54.0 @3.0 85.0 / 1,000 @4.0 

Zn2(OH)VO4
36 4% fumed silica 

into 2M ZnSO4 

204.0 @0.1 101.0 @10.0 89.0 / 2,000 @4.0 

Zn0.25V2O5•nH2O163 1 M ZnSO4 282.0 @0.3 183.0 @2.4 80.0 / 1,000 @2.4 

Zn3V2O7(OH)2•2H2O194 1 M ZnSO4 213.0 @0.05 76.0 @3.0  68.0 / 300 @0.2 

Mg0.34V2O5•0.84H2O195 3 M Zn(CF3SO3)2 353.0 @0.05 81.0 @5.0 97.0 / 2,000 @5.0 

Ca0.25V2O5
196 1 M ZnSO4 340.0 @0.2C 72.0 @80C 64.0 / 5,000 

@80C 
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Fig. 5.8 Cyclic stability and Coulombic efficiency of lepidocrocite-VOOH at current densities of 0.1 (a) 

and 5.0 (b) A g-1. 
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Fig. 5.9 Nyquist plots of lepidocrocite-VOOH electrode at 1.6 V vs. Zn2+/Zn in original state and after 10, 

50 and 100 cycles in 2 M Zn(CF3SO3)2 aqueous electrolyte at 1.0 A g-1. The solid lines are fittings using 

the same equivalent circuit model. 
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a b

c d

e f

Fig. 5.10 Morphologies of electrodes after 500 cycles of charging/discharging at 1.0 A g-1 in the 

electrolyte of 2M Zn(CF3SO3)2: (a-b) SEM images of the lepidocrocite-VOOH electrode (c-f) zinc foil. 

a-d correspond to the top views, e and f are cross-section images. 
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Fig. 5.11 The XRD pattern of zinc foil after 500 cycles at 1.0 A g-1. All the peaks can be indexed to 

pure Zn (JCPDS 87-0713). 
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Electrochemical reaction kinetics 

 The electrochemical reaction kinetics of VOOH were investigated by galvanostatic 

intermittent titration technique (GITT) and redox capacity contribution analysis. The 

GITT measurement is applied to calculate the Zn2+ diffusion coefficients of H2V3O8 and 

VOOH within the potential range from 0.2 to 1.6 V vs Zn2+/Zn. Their discharge and 

charge profiles are presented in Figure 5.12a and c with an intermittent current density 

of 10 mA g-1. Their coefficients in discharge and charge processes are within the range 

of 10-13 ~ 10-11 cm2 s-1 (in Figure 5.12b and d), which are still higher than those of some 

electrode materials, such as the Li+ ions in LiFePO4 and TiO2.
197-198 

 

The good rate performance of VOOH has drawn our attention to understand its 

kinetics by performing the redox capacity contribution analysis. Its capacitance 

contribution, including capacitive-derived and diffusion-controlled capacitance 

contribution, can be distinguished quantitatively by conducting the standard CV fitting 

from the redox current contribution, which contains the capacitive-derived and diffusion-

controlled current contribution.199-200 The CV curves at different scan rates are presented 

in Figure 5.13a, which can be divided into two parts quantitatively. The capacitive-
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Fig. 5.12 Discharge and charge GITT curves and their corresponding Zn2+ diffusion coefficients of 

lepidocrocite-VOOH (a and b) and H2V3O8 (c and d). 
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derived and diffusion-controlled capacitance contribution can be separated at a fixed 

potential (𝑉 ) from the current response (i). The capacitive-derived and diffusion-

controlled parts are named as k1v and k2v
1/2, respectively, according to the relationship of 

𝑖(𝑉) = 𝑘1𝑣 + 𝑘2𝑣
1 2⁄ . v is the scan rate, and k1 and k2 are constants. For instance, the 

capacitive-derived part (orange region with 66.7 %) and diffusion-controlled part (white 

region in royal blue curve with 33.3 %) of the VOOH electrode at a scan rate of 0.8 mV 

s-1 (in Figure 5.13b) are divided from the fitting analysis. With this approach, the 

capacitive-derived parts at different scan rates are distinguished and illustrated in Figure 

5.13c. The ratio of capacitive-derived contribution increases as the increase of scan rate, 

which is reasonable due to the capacitive-derived process is faster than bulk diffusion. 

 

Moreover, the capacitive effect of the electrode at different redox peaks could be 

determined from CV profiles according to the equation between measured current (i) and 

scan rate (v): 𝑖 = 𝑎𝑣𝑏, where a and b are parameters. When the b value approaches to 1, 

the electrode kinetics is mainly controlled by capacitive processes; while the b is close to 
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Fig. 5.13 Quantitative analysis of capacity contribution in lepidocrocite-VOOH working electrode: (a) 

CV curves at different scan rates; (b) diffusive-controlled current contribution (white region inside the 

CV curve) and capacitive-derived current contribution (shaded area) at the scan rate of 0.8 mV s-1; (c) 

normalized current contribution ratios of diffusive-controlled and capacitive-derived parts at different 

scan rates; (d) relationship between the redox peak current and the voltage scan rate in a logarithm scale. 
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0.5, the electrode kinetics is mainly diffusion limited.84-85 The detailed b values of the 

two pairs of redox peaks are fitted from CV profiles, as exhibited in Figure 5.13d, which 

imply the electrochemical reactions are mainly controlled by capacitive process. 

5.3.3 Investigation of the storage mechanism 

 

The composition change and crystal structure evolution were investigated by 

synchrotron-based in-situ XRD, which has the advantages of high brilliance and stable 

radiation, which is better than general XRD instrument. Because the VOOH is powder 

sample, the fabrication of working electrode needs some additives and current collectors, 

the synchrotron-based in-situ XRD with high brilliance can transmit the current collector 

to detect the active material. The VOOH working electrode was assembled in a modified 

coin-cell, which was applied with a current density of 50 mA g-1 within the potential 

range from 0.2 to 1.6 V vs. Zn2+/Zn. The XRD curves were collected with an interval of 
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Fig. 5.14 The composition change and crystal structure evolution of lepidocrocite-VOOH in AZIB: the 

synchrotron-based in-situ XRD patterns within (a) 4 to 17° and (b) 17 to 30° during first discharge and 

charge processes, and (c) the schematics of inner structure changes and final energy values via density 

functional theory (DFT) calculation for the insertion and extraction of Zn ions. 
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about 10 minutes, which can provide the continuous and direct observation of 

composition change and crystal structure evolution. The in-situ XRD curves during 

discharge and charge processes are illustrated in Figure 5.14a and b within the ranges of 

4 to 17° and 17 to 30°, respectively. The diffraction peaks located at 11.65 and 18.53° 

come from the (002) and (100) crystal planes of carbon, because the carbon paper is 

served as the substrate of working electrode to support the VOOH sample. In Figure 

5.14a, a part of diffraction peak of 6.3°, resulting from the (020) crystal plane of VOOH, 

shift gradually to a lower degree (5.7°) during the discharge process, and then shift 

gradually back to 6.3° when the potential returns to 1.6 V in the end. The former and 

latter shifts indicate the expansion and recovery of interlayer spacing, which should be 

attributed to the insertion and extraction of zinc ions in the layered crystal structure of 

VOOH. A peak at around 20.3° in Figure 5.15b can be identified to the (051) crystal 

plane of VOOH. The peak becomes more and more obvious with a left shift to a low 

degree during the discharge process and then becomes weaker and weaker gradually with 

a right shift to initial degree during charge process. This phenomenon has also been found 

in other electrode materials, which should also be ascribed to the intercalation and 

deintercalation of zinc ions in the VOOH.201 

 

a b

Zn V O H

Fig. 5.15 The density functional theory (DFT) calculation of H-O bond change in lepidocrocite-VOOH (a) 

before and (b) after Zn2+ intercalation.  
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The new peak at 8.7° matches well with the (111) crystal plane of ZnV2O4 (JCPDS: 

89-7413).202-203 The peak becomes more distinct with more intercalation of zinc ions in 

the VOOH crystal structure, and then become weak due to the deintercalation of zinc 

ions. However, the valence state of vanadium has not been changed, it is still V3+ inside 

ZnV2O4. To explain the constant valence state, the crystal structure change in 

lepidocrocite-VOOH before and after Zn ions intercalation is simulated by DFT 

calculation in Figure 5.15. The results show that eight zinc ions can link to the oxygen 

atoms within a cell of V8O16H8. The intercalation of zinc ions in VOOH will result in the 

rupture of hydrogen bonds that link to the oxygen atoms. And then zinc ion will replace 

the hydrogen atom and link two oxygen atoms that comes from two adjacent layers 

respectively, which can maintain the valence state of V3+ in four out of eight vanadium 

atoms. The formation of ZnV2O4 is also identified from in-situ XRD curves. 

Simultaneously, the other four zinc ions can directly link to oxygen atoms that do not 

link with hydrogen atoms in the crystal structure of VOOH. The insertion and extraction 

processes of Zn ions in VOOH is simulated by DFT calculation and presented in Figure 

5.14c. And there are several new XRD peaks (at 14.5, 16.0, 25.3 and 26.0°) appear and 

disappear during the in-situ measurements. The peak of 16.0° matches well with the (101) 

crystal plane of ZnO (JCPDS: 89-7102). The other three peaks can be attributed to the 

crystal planes of V2O3.
204 These peaks validate the decomposition of a part of ZnV2O4 

into V2O3 and ZnO, accompanying with the formation of ZnV2O4 during the discharge 

process. This similar phenomenon is also found in the aqueous Zn-MnO2 battery. The 

generated MnOOH can be decomposed into Mn2O3 and H2O via a conversion reaction 

during the discharge process and changed back to MnOOH reversibly during the charge 

process.205  

The calculation also provides an interpretation about the high specific capacity of 

VOOH in AZIB, which shows that the eight zinc ions can be stored in a cell of V8O16H8 

during discharge process. Based on the simulation, the theoretical specific capacity of 

can be speculated as follow: 

1 mol ∗ 2 ∗ (6.02 ∗ 1023) mol−1 ∗ 1.602 ∗ 10−19 C = 1.928808 ∗ 105 C (A ∗ s)   (5.1) 

1.928808 ∗ 105 C (A ∗ s) ∗ 1000 3600 𝑠⁄ = 53578 mAh  (5.2) 

53578 mAh/(1 mol ∗ 83.948 g ∗ mol−1) = 638.23 mAh g−1  (5.3) 

Therefore, the theoretical specific capacity of VOOH in ZIB is about 638.23 mAh g-1. 

Although the measured specific capacity in this work is higher than those of most 
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vanadium-based cathode materials in Table 5.1, the tremendous effort should be devoted 

to approaching the theoretical capacity and enhance the cycle performance. 

 

5.4 Conclusion 

The lepidocrocite-VOOH with a low valence state of V3+ has been introduced in 

AZIBs, which is demonstrated to be a promising cathode material. It exhibits high 

specific capacities of about 525 and 440 mAh g-1 at the rates of 0.5 and 5.0 A g-1 and 

good rate performance within the potential range from 0.2 to 1.6 V vs Zn2+/Zn. The GITT 

measurement reveals the Zn2+ diffusion coefficients are in the range of 10-13 ~ 10-11 cm2 

s-1 during cycles. The redox capacity contribution analysis uncovers the main 

pseudocapacitive contribution during Zn2+ insertion and extraction processes. The 

combined in-situ XRD characterization and DFT calculation provide a new storage 

mechanism of zinc ions in vanadium-based materials. Zn ions are reversibly stored in the 

layers and interlayers by replacing the H atoms and bonding two adjacent layers within 

the lepidocrocite-VOOH. 
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Chapter 6 Summary and Outlook 

6.1 Summary 

This thesis study deals with the design of layered electrode materials and their metal 

ion storage mechanisms in sodium ion battery and aqueous zinc ion battery. The 

electrochemical properties and electrochemical reaction processes of a few types of 

layered materials were investigated systematically with the help of ex-situ and in-situ 

characterization techniques, and DFT calculations.  

Layered transition metal dichalcogenides (TMDs) as anode materials are studied in 

SIBs. Their electrochemical properties and related storage mechanisms of sodium ions 

were investigated in detail. First, MoSe2 nanosheet uniformly distributed in N-doped 

carbon matrix with an urchin-like morphology was synthesized in Chapter 3. The purpose 

is to increase the electrical conductivity and realize long cycle stability for sodium ion 

storage. And the crystal structure changes of MoSe2 associated with electrochemical 

reactions in SIB were also investigated using ex-situ XRD technique, which implied an 

irreversible conversion reaction during the first discharge process within the potential 

range from 0.01 to 3.0 V vs. Na+/Na. However, sometimes the ex-situ characterization 

can be influenced by the unwanted ambient environment, such as the natural oxidation 

of non-oxide metal compounds when the samples are unavoidably exposed to air ambient. 

Hence, a direct observation of the composition and crystal structure evolution will be 

more favorable in order to disclose the storage mechanism. That is the reason why 

currently in-situ characterizations are becoming popular in battery research. In Chapter 

4 of this thesis, the electrochemical reaction processes of layered TMD materials are 

studied systematically using both ex-situ and in-situ characterization techniques. MoS2 

nanoflakes were first hydrothermal grown on graphene-like carbon foam 

(MoS2/graphene foam), and then were underwent selenization treatment in order to 

substitute sulfur partly to form MoS2-xSex/graphene foam. The in-situ Raman 

spectroscopy combined with ex-situ XRD measurement recorded within different 

potential ranges further revealed that the 2D layered structure in MoS2-xSex/graphene 

foam could be preserved with the Na-ion intercalation process under the potential range 

above 0.5 V vs Na+/Na. In contrast, deep discharge to 0.01 V would lead to damage of 

the layered structure and aggregation. And electrochemical measurements also revealed 

the capacitance retention could be improved by choosing an appropriate potential range 
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to utilize the intercalation and deintercalation processes and avoid the irreversible 

decomposition. Moreover, the selenium substitution in MoS2-xSex/graphene foam has 

improved the rate performance due to higher pseudocapacitive contribution than the 

MoS2, which results from the expanded interlayer spacing of MoS2-xSex by selenium 

substitution. Therefore, the combination of in-situ observation and delicate control of 

electrochemical measurements is effective in understanding the electrochemical reaction 

processes and associated storage mechanism. This result may provide insight for better 

design of electrode materials. 

Because aqueous ZIB has the advantages of low cost and high safety, it has been 

considered as the promising alternative to alkaline metal ion batteries with organic 

electrolyte. Currently, extensive efforts are being devoted to exploring new electrode 

materials and investigation of the storage mechanisms. Many kinds of vanadium-based 

cathode materials have been reported, but most of them possess high valence states of 

vanadium, such as V4+ and V5+. In this thesis (Chapter 5), the low valance (V3+) state 

vanadium material (lepidocrocite-VOOH) has been introduced for aqueous ZIB. The 

VOOH nanobelt electrode exhibits high specific capacities of about 525 and 400 mAh g-

1 at the current densities of 0.5 and 5.0 A g-1 within the potential range from 0.2 to 1.6 V 

vs Zn2+/Zn. GITT measurements reveal the relatively good electrochemical reaction 

kinetics of VOOH in aqueous ZIB during cycles. The standard cyclic voltammetry fitting 

implies dominating pseudocapacitive contribution to the capacity during Zn2+ ion 

insertion and extraction processes in the nanobelts. The in-situ XRD characterization 

combined with DFT calculation reveal a different storage mechanism of zinc ions 

different from other vanadium-based materials. It is found herein that Zn2+ ions are 

reversibly stored in the layers and interlayers by replacing the H atoms and bonding two 

adjacent layers within the lepidocrocite-VOOH. This work provides an insight into the 

exploration of new cathode materials in aqueous ZIBs. 

 

6.2 Outlook 

For the development of electrochemical metal-ion batteries, particularly the SIBs 

and AZIBs discussed in this thesis, much efforts should be devoted to optimizing their 

electrochemical performance. Here, I will introduce the electrolyte modification for SIB 

and interface engineering for AZIB. 
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(1) Electrolyte modification for sodium-ion battery: Severe safety concerns are 

impeding the large-scale commercialization of SIB. The severe danger arises from the 

subsequent fire ignition and explosion of the organic electrolyte supported by the oxygen 

evolved from the cathode materials or surrounding air because the combustion energy is 

several times higher than the electrical energy stored in a battery. The conventional 

electrolytes used in SIBs are highly flammable and volatile organics, for example, the 

1.0 M NaPF6 in ethylene carbonate (EC) and dimethyl carbonate (DEC), which may 

cause catastrophic fires or explosions. Thus, we need to do some electrolyte 

modifications to improve the safety issues. As for electrolyte, we can study the additive 

types, concentration, component ratios and so on. Moreover, we can adopt some 

characterization methods, such as the Raman spectroscopy and FTIR, to study their 

physical and chemical properties. Theory calculation of molecular dynamics simulation 

is also an important tool to predict their molecular structures and chemical energies, 

which is highly efficient to choose suitable electrolytes in different working situations. 

For example, as for the severe safety issue in conventional organic electrolyte, 

researchers can adopt flame-retardant solvents or additives into the electrolytes, such as 

those containing phosphorus or fluorine, which can increase the flash point and improve 

the safety concerns remarkably. Meanwhile, the high-concentration electrolyte is also an 

effective methodology to improve its flash point and provide a robust and stable solid-

state electrolyte interface (SEI), which can improve the safety issue and long-term 

capacity retention. For example, Yamada’s group introduced a 3.3 M NaFSA/TMP 

electrolyte for SIB, which has higher flash point and Columbic efficiency than those of 

1.0 M NaFSA/TMP electrolyte.206 The higher concentration of electrolyte can also 

provide a more robust SEI layer than that with low-concentration electrolyte, which can 

suppress parasitic reactions. They also used the molecular dynamics simulation to 

calculate the coordination structures of electrolytes with different concentrations. They 

found the 1.0 M electrolyte has many free TMP molecules and FSA- anions, because the 

solvent-to-salt ratio (7.6) is larger than the typical coordination number (5) of Na+. In 

contrast, in the 3.3 M electrolyte, ~95% of the TMP molecules are coordinated with Na+ 

cations, and over 80% of the FSA− anions are in an aggregate state with each FSA− 

coordinating to two or more Na+, forming a peculiar three-dimensional network structure. 

These structure features contribute to improved battery safety. Thus, electrolyte 

modification is an effective and promising method to improve the safety issues and 

electrochemical performance. 
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(2) Interface engineering for aqueous zinc-ion battery: There are two electrolyte-

electrode interfaces in battery, between anode and electrolyte and between cathode and 

electrolyte. Metal ions should transmit the interfaces to other side and some parasitic 

reactions happen at the interfaces, so the investigation of interface is very significant and 

meaningful to optimize the electrochemical performance. In aqueous zinc-ion battery, 

there is a potential danger of zinc dendrite growth for large-scale energy storage devices, 

which need stable thousands of charging/discharging cycles. As for the study of interface, 

we can study the chemical composition by some characterization methods, such as XRD, 

XPS and Raman spectroscopy, and investigate its formation and evolution by some in-

situ characterization tools. A stable and robust interface can have a thin layer, which can 

avoid the pulverization of electrode and suppress the parasitic reactions. Thus, the studies 

of stable interface and zinc dendrite suppression are promising direction to optimize 

AZIBs. For example, the chemical composition of interface has much influence on the 

electrochemical performance. Cui’s group found the F-rich interface can suppress the 

zinc-dendrite growth and improve the long-term cycle performance.207 They pretreated 

the zinc metal with Zn(TFSI)2-acetamide (Ace) electrolyte, which result in the in-situ 

formation of a F-rich SEI layer. The F-rich interface was demonstrated by XPS 

characterization. They tested the zinc plating and found the zinc foil with the F-rich layer 

does not have zinc dendrites, but the zinc foil without the interface has severe and obvious 

dendrites. They also found the battery with the F-rich SEI-coated zinc foil can provide 

longer stable capacity than that without the interface. As for the battery without the F-

rich SEI-coated zinc foil, it has a short circuit during cycles, which results from the zinc 

dendrite. Meanwhile, the special cell design is also important to study the interface, 

researchers can learn a lot from in-situ working cells.   
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