
 

 
 

Hollow MoSx nanomaterials for aqueous 

energy storage applications 

D i s s e r t a t i o n 

zur Erlangung des akademischen Grades 

d o c t o r    r e r u m    n a t u r a l i u m 

(Dr. rer. nat.) 

im Fach Chemie 

 

eingereicht an der 

Mathematisch-Naturwissenschaftlichen Fakultät 

der Humboldt-Universität zu Berlin 

von 

M. Sc. Ting Quan 

Präsident der Humboldt-Universität zu Berlin 

Prof. Dr.-Ing. Dr. Sabine Kunst 

Dekan: der Mathematisch-Naturwissenschftlichen Fakultät                                             

Prof. Dr. Elmar Kulke 

 
Gutachter/in: 1. Prof. Matthias Ballauff 

                      2. Prof. Nicola Pinna 

                      3. Prof. Martin Oschatz 

Tag der mündlichen Prüfung: 17.03.2021 

  



 

  



 

 
 

 

 

 

 

 

All over the place was six pence, but he looked up 

at the moon. 

                                    The Moon and Sixpence 

  



 

  



 

 
 

 

 

 

 

 

 

 

 

 

                                            To My Family & Friends 

  



 

 



 

I 

Abstract 

The present thesis focuses on the synthesis of novel hollow MoSx nanomaterials with 

controllable size and shape through the colloidal template method. Their possible applications 

in aqueous energy storage systems, including supercapacitors and Li-ion batteries (LIBs), have 

been studied. 

In the first part, hollow carbon-MoS2-carbon nanoplates have been successfully synthesized 

through an L-cysteine-assisted hydrothermal method by using gibbsite as the template and 

polydopamine (PDA) as the carbon precursor. After calcination and etching of the gibbsite 

template, uniform hollow platelets, which are made of a sandwich-like assembly of partial 

graphitic carbon and two-dimensional layered MoS2 flakes, have been obtained. The platelets 

have shown excellent dispersibility and stability in water, and good electrical conductivity due 

to carbon coating generated by the calcination of polydopamine. The material is then applied 

in a symmetric supercapacitor using 1 M Li2SO4 as the electrolyte, which exhibits a specific 

capacitance of 248 F/g (0.12 F/cm2) at a constant current density of 0.1 A/g and an excellent 

electrochemical stability over 3000 cycles, suggesting that hollow carbon-MoS2-carbon 

nanoplates are promising candidate materials for supercapacitors. 

In the second part, 21 m LiTFSI, so-called “water-in-salt” (WIS) electrolyte, has been studied 

in supercapacitors with hollow carbon nanoplates as electrode materials. In comparison with 1 

M Li2SO4 electrolyte used in the first part, significant improvements on a broader and stable 

potential window have been revealed in the present WISE, which is slightly influenced by the 

lower conductivity with the counterpart. The electrochemical impedance spectroscopy (EIS) 

has been extensively employed to provide an insight look on the formation of solid electrolyte 

interphase in the WIS-supercapacitors. Additionally, the effect of temperature on the 

electrochemical performance has also been investigated in the temperature range between 15 

and 55 °C, yielding eminent specific capacitance of 128 F/g at the optimized condition of 55 

°C. The EIS measurements disclosed the decrease of fitted resistances with the increase of 

temperature and vise versa, directly illuminating the relationship between electrochemical 

output and working temperature of supercapacitors for reliable practical applications. 

In the third part, MoS3, an amorphous chain-like structured transitional metal trichalcogenide, 

has been demonstrated as a promising anode in the “water-in-salt” Li-ion batteries (WIS-LIBs). 

Hollow MoS3 nanospheres used in this part have been synthesized via a scalable room-

temperature acid precipitation method using spherical polyelectrolyte brushes (SPB) as the 
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template. When applied in WIS-LIBs with LiMn2O4 as the cathode material, the prepared MoS3 

achieves a high specific capacity of 127 mAh/g at the current density of 0.1 A/g and good 

stability over 1000 cycles in both coin cells and pouch cells. The working mechanism of MoS3 

in WIS-LIBs has also been studied by ex-situ X-ray diffraction (XRD) measurements. During 

operation, MoS3 undergoes irreversible conversion to Li2MoO4 during the initial Li ion uptake, 

and is then gradually converted to a more stable and reversible LixMoOy (2≤y≤4)) phase along 

cycling. Amorphous Li-deficient Lix-mMoOy/MoOz is formed upon delithiation. 

The results in the present thesis demonstrate facile approaches for synthesizing hollow MoSx 

nanomaterials with controllable morphologies using a template-based method, which attribute 

to the promising performance of MoSx for aqueous energy storage applications. The 

electrochemical studies of hollow MoSx nanomaterials in aqueous electrolytes provide insight 

into the reaction mechanisms of aqueous energy storage systems and push forward the 

development of metal sulfides for aqueous energy storage applications. 

  

Keyword: hollow nanostructure, MoS2, MoS3, aqueous electrolytes, supercapacitors, Li-ion 

batteries.  
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Zusammenfassung 

Die vorliegende Arbeit konzentriert sich auf die Synthese von neuartigen hohlen MoSx-

Nanomaterialien mit kontrollierbarer Größe und Form durch die kolloidale Template Methode. 

Ihre möglichen Anwendungen in wässrigen Energiespeichersystemen, einschließlich 

Superkondensatoren und Li-Ionen-Batterien (LIBs), wurden untersucht. 

Im ersten Teil wurde eine neue Nanostruktur aus hohlen Kohlenstoff-MoS2-Kohlenstoff-

nanoplättchen erfolgreich durch eine L-Cystein unterstützte hydrothermale Methode unter 

Verwendung von Gibbsit als Templat und Polydopamin (PDA) als Kohlenstoffvorläufer 

synthetisiert. Nach dem Kalzinieren und Ätzen des Gibbsit Templates wurden gleichförmige 

Hohlplättchen erhalten, die aus einer sandwichartigen Anordnung von teilweise graphitischem 

Kohlenstoff und zweidimensional geschichteten MoS2 Flocken bestehen. Die Plättchen haben 

eine ausgezeichnete Dispergierbarkeit und Stabilität in Wasser sowie eine gute elektrische 

Leitfähigkeit aufgrund des durch die Kalzinierung von Polydopaminbeschichtungen erzeugten 

Kohlenstoffs gezeigt. Das Material wird dann in einem symmetrischen Superkondensator mit 

1 M Li2SO4 als Elektrolyt aufgebracht, der eine spezifische Kapazität von 248 F/g (0.12 F/cm2) 

bei einer konstanten Stromdichte von 0.1 A/g und eine ausgezeichnete elektrochemische 

Stabilität über 3000 Zyklen aufweist, was darauf hindeutet, dass hohle Kohlenstoff-MoS2-

Kohlenstoffnanoplättchen vielversprechende Materialien als Kandidaten für 

Superkondensatoren sind. 

Im zweiten Teil wurde 21 molare LiTFSI, das sogenannte "Wasser-in-Salz" (WIS) Elektrolyt, 

in Superkondensatoren mit hohlen Kohlenstoffnanoplättchen als Elektrodenmaterial 

untersucht. Im Vergleich zu dem im ersten Teil verwendeten 1 molaren Li2SO4-Elektrolyten 

wurden bei dem vorliegenden WIS Elektrolyt signifikante Verbesserungen in einem breiteren 

und stabilen Potentialfenster festgestellt, das durch die geringere Leitfähigkeit mit dem 

Gegenstück leicht beeinflusst wird. Die elektrochemische Impedanzspektroskopie (EIS) wurde 

ausgiebig eingesetzt, um einen Einblick in die Reaktionsmechanismen der WIS-

Superkondensatoren zu erhalten. Zusätzlich wurde auch der Einfluss der Temperatur auf die 

elektrochemische Leistung im Temperaturbereich zwischen 15 und 55 °C untersucht, was eine 

hervorragende spezifische Kapazität von 128 F/g bei dem optimierten Zustand von 55 °C ergab. 

Die EIS-Messungen deckten die Abnahme der angepassten Widerstände mit der 

Temperaturerhöhung und umgekehrt auf und beleuchteten direkt die Beziehung zwischen 
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elektrochemischer Leistung und Arbeitstemperatur von Superkondensatoren für zuverlässige 

praktische Anwendungen. 

Im dritten Teil wurde MoS3, ein amorphes, kettenförmig strukturiertes Übergangsmetall 

Trichalcogenid, als vielversprechende Anode in "Wasser-in-Salz" Li-Ionen-Batterien (WIS-

LIBs) nachgewiesen. Die in diesem Teil verwendeten hohlen MoS3-Nanosphären wurden 

mittels einer skalierbaren Säurefällungsmethode bei Raumtemperatur synthetisiert, wobei 

sphärische Polyelektrolytbürsten (SPB) als Schablonen verwendet wurden. Beim Einsatz in 

WIS-LIBs mit LiMn2O4 als Kathodenmaterial erreicht das präparierte MoS3 eine hohe 

spezifische Kapazität von 127 mAh/g bei einer Stromdichte von 0.1 A/g und eine gute Stabilität 

über 1000 Zyklen sowohl in Knopf- als auch in Pouch-Zellen. Der Arbeitsmechanismus von 

MoS3 in WIS-LIBs wurde auch durch Ex-situ-Röntgenbeugungsmessungen (XRD) untersucht. 

Während des Betriebs wird MoS3 während der anfänglichen Li-Ionen-Aufnahme irreversibel 

in Li2MoO4 umgewandelt und dann allmählich in eine stabilere und reversible LixMoOy-Phase 

(2≤y≤4)) entlang der Zyklen umgewandelt. Amorphes Li-defizientes Lix-mMoOy/MoOz wird 

bei der Delithiierung gebildet. 

Die Ergebnisse der vorliegenden Studie zeigen einfache Ansätze zur Synthese hohler MoSx-

Nanomaterialien mit kontrollierbarer Morphologie unter Verwendung einer Template-basierten 

Methode, die auf die vielversprechende Leistung von MoSx für wässrige 

Energiespeicheranwendungen zurückzuführen sind. Die elektrochemischen Untersuchungen 

von hohlen MoSx-Nanomaterialien in wässrigen Elektrolyten geben Einblick in die 

Reaktionsmechanismen von wässrigen Energiespeichersystemen und treiben die Entwicklung 

von Metallsulfiden für wässrige Energiespeicheranwendungen voran. 

  

Stichwörter: hohle Nanostrukturen, MoS2, MoS3, wässrige Elektrolyte, Superkondensatoren, 
Li-Ionen-Batterien. 
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1 Introduction 

With the increasing energy demand and rapid depletion of fossil fuels, the exploration of 

sustainable and renewable energy resources such as solar, wind and tide has moved to the center 

attention. Consequently, energy storage systems have become urgently needed to improve 

power reliability and quality as well as taking full advantage of high penetration of renewable 

energy sources.1-3 The need to develop energy storage systems with low costs, low risks, high 

round-trip efficiency and long cycle life is recognized as an urgent priority. Based on this, 

batteries and supercapacitors are both regarded as the most promising electrochemical energy 

storage devices.  Usually, both supercapacitors and batteries consist of four main components: 

cathode, anode, electrolyte, and separator. 

1.1 Aqueous electrolytes for supercapacitors and Li-ion batteries  
Electrolytes, as one of the key components of energy storage systems, provide ionic 

conductivity and thus facilitate charge compensation on each electrode. Electrolytes are 

prepared by dissolving salt, also called electrolyte solutes, into proper solvents, either water or 

organic molecules.4  In supercapacitors and LIBs, electrolytes should cater to the needs of both 

electrodes because of their physical location. Usually, electrolyte components directly 

determine the operational voltage of the cells, through which both the energy and power 

densities are affected. 

To date, although organic electrolytes can operate at high voltages and wide potential window, 

they usually suffer from low ionic conductivity and flammable and toxic properties.5 Compared 

to organic solvents, water is an attractive alternative in electrolytes as it is not only intrinsically 

safe, but also an excellent solvent with both high acceptor and donor numbers. Therefore, 

aqueous electrolytes for both supercapacitors and LIBs usually have much higher ionic 

conductivity than organic electrolytes, making it promising in wide applications. 

1.1.1 Aqueous supercapacitors 
Supercapacitors, which are grouped into double-layer capacitors, pseudocapacitors and hybrid 

capacitors by the energy storage mechanism, have bridged the gap between electrolytic 

capacitors and high-energy-density Li-ion batteries.6 In general, various types of electrolytes 

for supercapacitors have been developed up to now, e.g. aqueous electrolytes, organic 

electrolytes and ionic liquids. Among them, aqueous electrolytes have been applied intensively 

in research and development, which is mainly due to the fact that aqueous electrolytes can be 

easily handled and prepared without any special condition.  
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Normally, aqueous electrolytes for supercapacitors can be classified to acid, alkaline and neutral 

solutions, in which H2SO4, KOH and Na2SO4 are representatives. In aqueous supercapacitors, 

the cell voltages for acid and alkaline electrolytes are limited within 1.3 V due to the hydrogen 

evolution at a negative electrode potential and the oxygen evolution at a positive electrode 

potential.7 Generally, the electrolyte properties, such as concentration, ion type and so on can 

influence the equivalent series resistance, specific capacitance and voltage stability window of 

supercapacitors.8 Among them, the influence from electrolyte ion type is relatively complicated. 

This is because both the ionic radius and the diffusion rate of ions affect the performance, and 

the main factor is different for different electrode materials. 

As mentioned above, among acid electrolytes, H2SO4 is the most common used one for aqueous 

supercapacitors mainly because of its high conductivity (0.8 S cm-1 for 1 M H2SO4 at 25 ºC).5 

Its ionic conductivity is dependent on the concentration of H2SO4, which can reach maximum 

when the concentration is 1 M at 25 ºC. In addition, when using pseudocapacitive electrode 

materials such as metal oxides and sulfides in acid electrolyte, the stability is poor due to the 

sensitivity of the materials to pH.9-10 In order to further improve the chemical stability of 

pseudocapacitive electrode materials in acid electrolytes, to date, some alternative electrolytes 

have been explored. For example, Perret et al.11 introduced a new acid electrolyte composed of 

methanesulfonic acid and lead methanesulfonate for carbon/PbO2 asymmetric supercapacitors. 

In this case, the redox reactions of PbO2 was changed from a solid/solid couple to a solid/ 

solvated ion one without any sulfation, which always takes place in sulfuric acid electrolyte. It 

is hypothesized that during charging process, Pb2+ was oxidized and PbO2 was formed and 

electrodeposited on the electrode surface, thus improving the cycle life. It should be noted that 

beside H2SO4, there are other types of acid electrolytes, including perchloric acid, 

hexafluorosilic acid and so on. However, only limited research has been performed on these 

electrolytes because of a safety concern. Moreover, there is usually self-discharge of these 

electrolyte, especially in concentrated ones.12 

Besides acid electrolytes, alkaline electrolytes are also one of the most widely used aqueous 

electrolytes for supercapacitors. Among various alkaline electrolytes, KOH is the most common 

used one because of its high ionic conductivity (a maximum value of 0.6 S cm-1 for 6 M at 25 

ºC)5, which can be applied in electric double layer capacitors (EDLCs), pseudocapacitors and 

hybrid capacitors. For carbon based EDLCs, the specific capacitance and energy densities in 

alkaline electrolytes are similar to those in acid electrolytes. When transition metal oxides and 

sulfides are used in alkaline electrolyte based supercapacitors, the working mechanism 
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normally involves the adsorption/desorption or insertion/desertion of electrolyte ions into/out 

of the electrode materials.13 However, some metal sulfides such as CoS and NiS show poor 

supercapacitor performance in alkaline electrolytes due to their instability. After a few cycles, 

they electrochemically transform into new electroactive phases.  

Additionally, neutral electrolytes have also been widely studied for supercapacitors attributed 

to their advantages such as larger working potential window, less corrosion and safety. Usually, 

the typical conducting salts in neutral electrolytes are Li, Na, K, Ca and Mg salts, among which 

Li2SO4 and Na2SO4 are the most common used ones. Compared to acid and alkaline electrolytes, 

neutral ones have higher operating voltages due to the increased electrolyte stable potential 

windows, which benefit from the lower H+ and OH- concentrations in neutral electrolytes.14 To 

understand the effect of different ions, neutral electrolytes with different cation species have 

been carried out. It has been found that various cation species have different ionic sizes, 

viscosities, diffusion coefficients and ionic conductivities in supercapacitors, thus strongly 

influence the specific capacitance and equivalent series resistance (ESR).8 Li et al.15 prepared 

MnO2 electrodes and studied the supercapacitor performance in Li2SO4, Na2SO4 and K2SO4. 

The resulted specific capacitance values as well as energy and power density rank in the order 

as follows: Li2SO4>Na2SO4>K2SO4. Based on the above results, neutral aqueous electrolytes 

for supercapacitors can not only suppress the corrosion of electrode materials, but also be more 

environmentally friendly and cost effective than acid and alkaline electrolyte. In addition, the 

operating voltage is increased, and the specific capacitance and energy density are thereby 

enhanced. 

1.1.2 Aqueous Li-ion batteries  
Since John Goodenough, Stanley Whittingham, Rachid Yazami and Akira Yoshino developed 

the technology of LIBs during the 1970s-1980s, rechargeable LIBs have been commonly used 

for portable electronics and electric vehicles, and are growing in popularity for military and 

aerospace applications. They show high energy density and energy efficiency.16  

However, their adoption in more strategically important applications such as vehicle 

electrification and grid storage has been slower, mainly because of the safety, cost and 

environmental issues. Thus, new energy storage systems of high reliability and rapid charging 

are urgently needed. The use of aqueous electrolytes has been regarded as a promising approach 

to resolve these concerns. Firstly, it can replace highly toxic and flammable organic solvent. 

Secondly, the aqueous electrolytes are more easy-to-use and lower cost than organic 
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electrolytes. Finally, the ionic conductivity of the aqueous electrolyte is higher than those of 

organic electrolytes, resulting in high round-trip efficiency and energy density.17-18 In aqueous 

Li-ion batteries (ALIBs), many side reactions from oxygen and water are involved, including 

the H2/O2 evolution reaction (HER/OER), and proton co-intercalation parallel to Li+ 

intercalation, which make the design and selection of electrode materials complicated. In 

principle, the electrodes with an intercalation potential between 3 and 4 V before oxygen 

evolution can be used as cathode materials for ALIBs. Taking into account issues regarding the 

working voltage and the HER, electrodes with an intercalation potential between about 23 V 

vs. Li/Li+ can be chosen for anode materials of ALIBs.19  

Despite many efforts have been made on the study of acidic or basic environments, the best 

performance is usually achieved in a neutral pH. In general, 1 M Li2SO4 or LiNO3 is considered 

as the most common electrolyte used for various electrode materials in neutral pH.20 In addition, 

the concentration of electrolytes has an enormous impact on the electrochemical performance 

by affecting various controllable parameters such as the cell resistance, charge transfer 

resistance and transference number. Among all, LiTFSI offers good ionic conductivity, 

increased thermal and electrochemical stabilities and substantially lower sensitivity towards 

moisture than the conventional lithium salts.21 The electrochemical stability window of 

electrolytes based on LiTFSI is exceeding 2 V, of which the highest value reaches 2.31 V.22 As 

an emerging lithium salt, LiTFSI has been examined in various solvents due to its high 

solubility.23-24  

1.1.3 “water-in-salt” electrolytes 
As mentioned above, the electrochemical stability voltage of conventional ALIBs is limited due 

to the narrow thermodynamic stability window of water. In this regard, the concentrated 

electrolytes have been employed to expand the decomposition voltage of water. In 2005, Suo 

et al.25 firstly reported “water-in-salt” electrolytes (WISE) by dissolving LiTFSI at extremely 

high concentration in water to form a dense interphase on the anode surface mainly arising from 

anion reduction. When the LiTFSI concentration is above 5 m (m: mol-salt in kg-solvent), the 

WIS definition applies, as the salt overnumbers the solvent in this binary system by both weight 

and volume. Particularly, at 21 m, there are only 2.6 water molecules per Li+, which no longer 

forms solvation sheath. Consequently, the original cation solvation sheath structure is 

destructed and rearranged. In addition, the TFSI- in the electrolyte is reduced prior to HER and 

the solid-electrolyte interphase (SEI) is generated at the anode-electrolyte interphase, making 

the overpotential of HER enlarged. As a result, the highly concentrated aqueous electrolyte 
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provided an expanded voltage window of ~3 V. A full Li-ion battery (LIB) based on 

LiMn2O4/Mo6S8 achieved an open circuit potential of 2.3 V and was demonstrated to cycle up 

to 1000 times, with nearly 100% coulombic efficiency at both low (0.15 C) and high (4.5 C) 

discharge and charge rates. Subsequently, the WISE was also reported in other electrode 

materials, including TiS2,26 LiNi0.5Mn1.5O4,27 LiMn0.8Fe0.2PO4,28 and polytriphentl-amine,29 

which showed promising electrochemical performance. 

Recently, Suo et al.30 pointed out that the high concentration (21 m) of LiTFSI used in the 

WISE already approaches the saturation point of this lithium salt at room temperature, leaving 

barely any room for SEI improvement via further increase of salt concentration, thus limiting 

the full cell energy density. Based on it, they used a WISE as a parent hydrate salt to dissolve 

another lithium salt containing an anion of similar fluorinated structure, lithium 

trifluoromethane sulfonate (LiOTf). It is well known that a hydrated salt can dissolve another 

unhydrated salt of similar chemical properties and form mixed salt systems in the molten state 

with higher cation/water ratios.31 The resulted electrolyte, called “water-in-bisalt”, consists of 

21 m LiTFSI and 7 m LiOTf, providing a molten electrolyte with 28 m Li+ and the cation/water 

ratio of approximately 1:2. The higher cation/water ratio contributes to a more compact and 

protective SEI. The full cell delivers an unprecedented energy density of 100 Wh/kg, along with 

excellent cycling stability and high coulombic efficiency.  

Besides the aqueous LIBs, WISE has also been widely applied in other energy storage devices, 

such as supercapacitors.32-34 Zang et al.35 reported 21 m LiTFSI as the electrolyte in 

supercapacitors with TiS2 coated vertically aligned carbon nanotubes (TiS2-VACNT) as 

electrode materials. Three-electrode results demonstrated that the system showed a capacitance 

of 195 F/g within a potential range of 3 V, corresponding to an energy density of 60.9 Wh/kg 

for a symmetric cell. The WISE was found to extend the electrochemical potential window of 

TiS2/CNT electrodes from 1.9 V (1 m) to 3 V (21 m). However, due to the restriction of low 

conductivity and high viscosity, the rate capability is limited under high scan rate. Based on it, 

a co-solvent-in-salt system was reported by mixing acetonitrile with the 21 m LiTFSI 

electrolyte to construct a novel “acetonitrile/water-in-salt” (AWIS) electrolyte.36 The hybrid 

electrolyte provided significantly improved conductivity, reduced viscosity and an expanded 

applicable temperature range while maintaining the important physicochemical properties of 

the WISE. The density functional theory-based molecular dynamics (DFT-MD) simulations 

revealed that acetonitrile molecules could easily coordinate to Li+ ions for the remaining space 

of the Li+ solvation sheath because of their smaller size and thus less steric interaction than 
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TFSI- anions. With this AWIS electrolyte, the supercapacitors based on activated carbon 

electrodes present a specific capacitance of 21.9 F/g at the current density of 10 A/g, which is 

2.4 times higher with respect to the original WISE. 

As mentioned above, in WIS-LIBs, a SEI forms by manipulating electrolyte decomposition 

products during the very first charging depth, generating a Li+-solvation protective sheath. 

However, the inadequate observation of this protective layer evolution in supercapacitors 

during repeated charge/discharge cycles inquiries more research effort for thorough 

understanding of the advantage of WIS electrolytes. Therefore, Chapter 4 in this thesis will 

present the intensive study of electrochemical impedance spectroscopy (EIS), providing a 

fundamental technique for revealing the formation of SEI layer in WIS supercapacitors. 

Moreover, the thermal dependence of the electrochemical performance of the symmetric 

supercapacitor has been also included in this study, optimizing the best performance for various 

specific applications.  

1.2 Transition metal sulfides for supercapacitors and Li-ion batteries 
With regard to the various types of energy storage devices, their performance is strongly 

dominated by electrode materials. Up to now, for both supercapacitors and LIB, numerous 

electrode materials have been studied, including carbon materials,37 conducting polymers,38 

transition metal oxides39 and so on. However, their respective shortcomings limit them from 

further applications. For example, during the operation of supercapacitors, carbon materials 

tend to restack and then decrease the specific surface area, which is an important index for 

energy storage. Conducting polymers show the same phenomenon that the original structure 

will collapse during the long-term charge/discharge of energy storage devices. The poor 

electron conductivity of metal oxides compared to carbon materials influences their 

electrochemical performance, such as a resulted low specific capacity in batteries.40 Based on 

it, transition metal sulfides (TMSs) have emerged as one of the most prominent candidates for 

LIBs and supercapacitors due to its tunable stoichiometric compositions, unique crystal 

structures, rich redox sites, and relatively higher electrical conductivity in comparison to their 

TMD counterparts.41 

1.2.1 Transition metal sulfides 

TMSs, designated as MSx (M=Fe, Co, Ni, Mo, etc.), have received attention over the past 

decades due to their unique properties. Briefly, the metal and sulfur atomic arrangements in 

TMSs are combined by a close-packed system, engaged by ionic size and charge.42-43  
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It was reported that sulfides and oxides of transition metal contain either localized or itinerant 

3d electrons or both simultaneously. However, d electrons in TMSs participate in covalent 

bonding, which reduces the formal charge on transition metals and favours formation of metal-

metal bonds. As a result, the properties of TMSs are quite different from those of oxides, such 

as better electrical conductivity, lower melting points, better mechanical and thermal stability 

and so on.44 In addition, structures of TMSs are quite different from those of the corresponding 

oxides, which can be attributed to the following factors:44 (a) hybridization of anion 3s and 3p 

orbitals with the anion 3d orbitals can stabilize 6 nearest-neighbour cations in a trigonal-

pyramid configuration; (b) sulfur-sulfur bonding gives rise to molecular anions and the 

assimilation of S2 pairs in some metal sulfides is allowed; (c) layer covalency reduces the 

effective charges on the anions, and (d) the large polarizability of the anions favours formation 

of layer structures with van der Waals forces between layers. Furthermore, due to the high 

theoretical volume expansion calculated from the traditional conversion reaction formula,43 

some TMSs, such as MoS2, have a layered structure, which can help alleviate the strain induced 

by a volume expansion. Therefore, the study on TMSs provides a route to select suitable 

materials for energy storage applications. 

Among them, MoSx (x=2 or 3) have been intensively investigated as electrode materials owing 

to their preferential exposure of active edge sites and unique atomic arrangements.45 Different 

synthesis methods have been developed to generate MoSx materials with varied properties and 

applications. To date, the study on the synthesis of MoS2 nanomaterials is numerous while that 

of MoS3 is limited. 

Until now, two typical methods have been applied to prepare MoS2, including top-down and 

bottom-up approach. In a top-down method, bulk MoS2 crystals are used as the raw material, 

which can be easily exfoliated to thin layers through high-energy sonication, liquid exfoliation, 

mechanical cleavage and chemical intercalation-exfoliation methods. The top-down methods 

are realized based on the special feature of MoS2 that the interlayers are contacted by weak van 

der Waals forces.46 Compared to it, the bottom-up method is simpler with the reaction of Mo 

and S precursors, and then the subsequent annealing. Generally for the synthesis of MoS2, the 

bottom-up method can be divided into two approaches: (1) chemical vapour deposition (CVD) 

method with the features of high quality, controllable thickness and compatible substrates. By 

this technique, MoS2 with controllable layers can be synthesized by adjusting the annealing 

period.47 (2) hydrothermal method or solvothermal method in which abundant active sites and 

controllable morphologies can be obtained. 48-49 In the hydrothermal system, precursors of Mo 
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salts are used to allow a reaction with sulfide source materials or simply sulfur in an autoclave, 

where a sequence of physicochemical reactions take place under high temperature and pressure 

conditions. Different substrates such as carbon nanospheres, carbon nanotubes, graphene films 

and so on can be used as the templates. As a result, the final products are MoS2 of different 

shapes and sizes. In a typical example, Sun et al.50 reported the facile one-step hydrothermal 

synthesis of MoS2 on three-dimensional graphene skeleton by mixing NaMoO4 and NH2CSNH2 

in deionized water in an autoclave at 200 ºC for 24 h. During hydrothermal process, NH2CSNH2 

will decompose and release S2- ions, which act as the sulfur source and reducing agent for the 

formation of MoS2.  

Unlike MoS2, the traditional synthesis of MoS3 requires more sophisticated and expensive 

equipment such as sonochemical synthesis51, laser ablation52, and so on. To overcome the 

limitation, two simple and inexpensive methods have been exploited in recent years to 

synthesize MoS3 materials, which are thermal decomposition method and acid precipitation 

method. Zhang et al.53 found that when heated at 150-200 ºC in an inert atmosphere, 

(NH4)2MoS4 can decompose to MoS3. Then a conversion from MoS3 to MoS2 happened when 

the temperature was increased to 360 ºC. However, the morphology of MoS3 materials during 

the thermal decomposition process is uncontrollable. Compared to it, the acid precipitation 

method is easy to form MoS3 with different shapes using various templates at room temperature. 

The tetrathiomolybdate anion in an acid medium is known to form a MoS3 precipitate. The 

overall chemistry pertaining is (NH4)2MoS4 + 2HCl  MoS3 ↓ + H2S ↑ + 2NH4Cl.54  

Despite the efforts, the practical application of MoSx materials is largely restricted by their 

intrinsic limitations such as pronounced volume change and insufficient electrochemically 

active sites for energy storage devices. Designing the MoSx nanomaterials to hollow structure 

is an effective route. The hollow structure can deliver high surface area, which ensures large 

electrode-electrolyte contact area and plenty of electrochemical active sites. In addition, the 

internal void spaces of hollow materials effectively alleviate the stress-induced structural 

variation during long cycling of energy storage systems.45 However, current works on synthesis 

of hollow MoSx nanomaterials mainly apply the removable metal oxides as templates, which 

are difficult to be large-scaly prepared. Based on it, in Chapter 5 of my study, spherical 

polyelectrolyte brushes (SPB) have been used as template to directly grow MoS3, followed by 

the removing of template. The SPB nanospheres are suspended in water and soluble in 

tetrahydrofuran (THF), making the preparation simple and scalable. In addition, although 

various morphologies have been well developed, two-dimensional plate-like hollow MoSx 
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materials have not been reported.55 The plate-like structure obtained from template-methods 

can shorten the ion transport distance in their nanoscaled dimension. Therefore, in Chapter 3 of 

my thesis, hollow MoS2 nanoplates have been prepared using gibbsite as template. Colloidal 

gibbsite nanoplates can be large-scaly synthesized in the presence of aluminum sec-butoxide 

(ASB) and aluminum isopropoxide (AIP) in water solutions, and can be easily removed by acid.  

1.2.2 Molybdenum disulfide for supercapacitors 
MoS2, a kind of TMSs having van der Waals crystal structures, have showed great promise as 

the supercapacitor electrode material owing to the remarkably wide range of oxidation states. 

It has graphene-like nanosheet structures with ideal super short electron transport length and 

small ion transport distance for fast electrochemical processes.56  

Research results have suggested that MoS2 sheets have comparable supercapacitor performance 

to that of carbon nanotube arrays and a theoretical capacity (~1000 F/g) higher than that of 

graphite.57 In 2007, Soon et al.58 first reported the preparation of edge-oriented MoS2 films by 

single source precursor chemical vapor deposition, which exhibited excellent electrochemical 

charge storage properties in supercapacitors. The assembled supercapacitor achieved a very 

high capacitance of 70 mF/cm2 at a scan rate of 1 mV/s with 0.5 M H2SO4 as the electrolyte. It 

was found that the edge-oriented MoS2 films showed not only double-layer capacitive behavior, 

but also faradaic capacitive behavior from the diffusion of the ions into the films. In the 

following, various attempts have been made to study the properties of MoS2 with different 

morphologies as electrode materials for supercapacitors.59-60 However, these electrodes showed 

poor cycle stability due to the volume change during the Faradaic process of supercapacitors. 

Based on it, Wang et al.61 presented the synthesis of hollow MoS2 nanospheres via a 

hydrothermal approach with template-assisted method. The MoS2 electrode showed a high 

specific capacitance of 142 F/g at 0.59 A/g in 1 M KCl solution. In addition, the MoS2 electrode 

showed excellent cyclic stability with remaining 92.9% of the initial capacitance after 1000 

cycles. The results indicated that the hollow sphere, which possessed highly exposed active 

edge sites, large specific surface area and low density, demonstrated excellent supercapacitive 

performance. 

MoS2 with a 2H phase crystal structure (the coordination of its metal atoms is trigonal prismatic) 

has a monolayer bandgap of ~1.9 eV,62 which limits its conductivity and therefore influences 

its performance in supercapacitors. By contrast, metallic 1T MoS2 is theoretically metastable 

and has the basal plane with more chemical activity over that of the 2H phase. It has very high 
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electrical conductivity (10100 S/cm of monolayered 1T MoS2 sheet at room temperature), 

which is close to that of the best-performing reduced graphene oxide sheets (~100 S/cm).57 The 

promising application of metallic 1T MoS2 in supercapacitors was demonstrated by Acerce et 

al.63 in 2015. The 1T MoS2 was obtained from bulk MoS2 powders through well-established 

chemical exfoliation method. Owing to the high conductivity, thin flexible supercapacitors were 

fabricated purely from these 1T MoS2 sheets (thickness up to 5 m) without any binding agent. 

The assembled supercapacitor showed volumetric capacitances ranging from 400 to 700 F/cm3, 

along with very high energy density, power density and excellent stability.  

Besides the synthesis of metallic 1T MoS2, other methods have also been developed to improve 

the electrochemical performance of MoS2, such as addition of secondary electrode-active 

materials to synthesize hybrid electrode materials. Combining MoS2 with the electrochemically 

active organic or inorganic materials is one of the prudent approaches to mitigate the 

intrinsically low electrical conductivity of MoS2. Among all, nanostructured carbonaceous 

materials are the most promising candidates for supercapacitors due to their unique features 

such as high electrical conductivity, large surface area, good chemical and electrochemical 

stability, and environmental-friendliness. Hence, they have been widely used as conductive 

additives for the preparation of MoS2-based hybrid materials.64-66 The semiconducting MoS2 

could then benefit from the excellent electrical conductivity of carbon materials such as 

graphene and carbon nanotubes.  

Compared with the reported morphology of MoS2 nanomaterials, two-dimensional hollow 

structures with high aspect ratio and finite lateral size have rarely been investigated. Hollow 

carbon nanoplates, generated by using gibbsite as the template and PDA as the carbon precursor, 

have recently been synthesized and implied in supercapacitors, which could shorten the ion 

transport distance in their nano scaled dimension.67 Therefore, the exploration of two-

dimensional hollow and nanostructured MoS2 materials with regular morphologies and 

hybridized with mesoporous carbon will provide great opportunities to find attractive properties 

in supercapacitors, which will be demonstrated in Chapter 3. 

1.2.3 Molybdenum trisulfide for Li-ion batteries 

Currently, LIBs have attracted wide attention due to their high energy density, high capacity, 

and long cycle life.68-69 Electrode materials especially anode materials are the key factors to 

affect the electrochemical performance of LIBs. Thus, it is necessary to find anode materials 

with high performance to storage Li+ ions to satisfy the future energy requirements. Among 
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anode materials, TMSs are one kind of promising candidates due to the high specific 

capacities.70-71 Particularly, transition metal polysulfides, such as FeS2, TiS3, and so on, exhibit 

anionic redox driven chemistry for energy storage. In these transition metal polysulfides, the 

S2
2- anions undergo a reversible transformation as follows: S2

2- + 2e- ↔ 2S2-, which enables 

higher reversible capacities of LIBs.72 As a representative member of the transition metal 

polysulfides family, amorphous MoS3 has also aroused great attention because of its special 

structure.73-74 Compared to crystalline MoS2, the structure of amorphous MoS3 naturally 

contains more active sulfide groups with unsaturated coordination bonds due to the random 

arrangement of Mo-S clusters in the long range.75 In addition, amorphous MoS3 features the 

one-dimensional chain-like structure,74 which provides more open sites to storage Li+ ions 

during the electrochemical reaction, thus resulting in higher specific capacity. With the 

amorphous structure, it also decreases the activation energy barriers of the structural 

rearrangement and facilitates the ion diffusion. Moreover, MoS3 has a higher electrical 

conductivity than MoS2, which is regarded as a fundamental prerequisite to govern a superior 

electrochemical performance.53 All these advantages make MoS3 a promising anode material 

for LIBs.  

However, as a bulk material, amorphous MoS3 suffers from the low specific surface area 

(4.46.5 m2/g).53 Encouraged by it, Wang et al.76 were the first one to study nanosized MoS3 as 

a battery material in 2007. The nanosized amorphous MoS3 was synthesized by acidification of 

an (NH4)2MoS4 aqueous solution in conjunction with a microemulsion-based method and the 

bulk amorphous MoS3 was obtained by using the thermal decomposition of (NH4)2MoS4. After 

charge/discharge in LIBs with 1 M LiTFSI in a solvent of poly(ethylene glycol) dimethyl ether 

500 (PEGDME 500) as the electrolyte, the nanosized MoS3 showed higher capacity than the 

bulk sample. They also pointed out that the MoS3 molecules were not a mixture of MoS2 and 

elemental S, but existed as Mo3S9 clusters, which are linked by bridging S-S bonds. However, 

for the pure nanosized MoS3 electrode materials, the big volume changes upon cycling led to 

material pulverization and capacity decay after long cycles. To further improve the 

electrochemical performance of MoS3 in LIBs, nanocomposites of ultrasmall amorphous MoS3 

nanoparticles loaded with graphene oxide (GO/MoS3) were prepared through a facile acid 

precipitation method.54 Using GO as the buffer layer in the electrode materials for LIBs, the 

volume change was effectively suppressed and the resulted electrochemical performance was 

better than that of pure MoS3. The reversible capacity of the GO/MoS3 electrode material 

reached as high as 685 mAh/g after 1000 cycles at a high current density of 2 A/g, showing an 
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excellent cycling stability. The above electrochemical performance indicates that the 

amorphous MoS3 nanomaterials are promising candidates for LIBs applications.  

Despite these research efforts, the working mechanism of MoS3 for Li-ion storage in organic 

electrolytes remains unclear and controversial, largely hindering its development. Chang et al.73 

presented that, during the initial cycles, amorphous MoS3 is converted to crystalline MoS2 and 

Li2S. Li et al.77 reported that the lithiation of MoS3 involves in the generation of amorphous 

LixMoS3 in Li-ion batteries. In addition, to the best of our knowledge, amorphous MoS3 remains 

unexplored in aqueous electrolytes based LIBs, which may be limited by the low potential of 

Li ion uptake in MoS3, about 2.0 V vs. Li/Li+,76 at which HER happens in conventional aqueous 

electrolytes. Moreover, MoS3 suffers from severe volume change upon Li-ion adsorption, 

which, upon repetitive dis-/charge, will lead to material pulverization and capacity decay.78 

Therefore, the exploration of MoS3 with unique structures to release the volume change during 

cycling and the mechanism study of MoS3 in LIBs become urgent. Based on it, in my study, 

hollow MoS3 nanospheres have been synthesized and applied in the WIS-LIBs. The hollow 

structure accommodates the volume change effectively upon Li ion uptake/release and thus 

enhances the cycle life of the cell. This thesis will also investigate the working mechanism of 

amorphous MoS3 in WIS-LIBs through XRD measurements, providing great opportunities for 

the development of MoS3 materials for aqueous LIBs. 
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1.3 Objectives 

The main objective of this thesis is to prepare hollow structured MoSx particles with 

controllable size and shape, and to investigate their corresponding properties and applications 

in aqueous energy storage devices. The hollow nanostructure could act as ion-buffering 

reservoirs to prevent the volume expansion of the materials caused from the charge/discharge 

cycles in the devices.  

Firstly, hollow carbon-MoS2-carbon nanoplates with high surface area and improved 

conductivity have been synthesized and applied in aqueous supercapacitors. The investigation 

is carried out as follows: 

 Gibbsite nanoplates with disk-like shape and large aspect ratio have been applied as the 

template to synthesize hollow MoS2-based nanomaterial. Dopamine as carbon precursor 

is self-polymerized on the surface of the template, which assists the further nucleation 

of MoS2 nanosheets onto the gibbsite-PDA template. MoS2 nanosheets is then 

synthesized through the L-cysteine-assisted hydrothermal method in the presence of 

sodium molybdate. In order to further improve the conductivity and prevent the particles 

from aggregation, another layer of PDA has been coated onto the nanoplates. Each 

single particle is then immobilized and insulated in silica gel via a silica nanocasting 

method. After calcination and etching of the gibbsite template and silica, uniform and 

discrete hollow carbon-MoS2-carbon nanoplates can be obtained. 

 To follow the morphology and phase transformation of the target particles from the 

beginning, transmission electron microscopy (TEM) and XRD measurement have been 

applied at different steps of the synthesis procedure. In addition, thermogravimetric 

analysis (TGA), N2 adsorption/desorption, and Raman measurements have also been 

conducted to study the features of the hybrid material. 

 The obtained nanomaterials can show immediate applications in symmetric 

supercapacitors with aqueous electrolytes. The electrochemical performance of hollow 

carbon-MoS2-carbon nanoplates based supercapacitors have been investigated by using 

1 M Li2SO4 as electrolyte. 

The second work aims at studying the formation of SEI layer in WIS supercapacitors with 

hollow carbon nanoplates as the electrode material. The influence of temperature on the 

electrochemical performance has been studied. The investigation has been conducted as 

follows: 
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 To compare the electrochemical behaviours of 21 m LiTFSI and 1 m LiTFSI electrolytes 

in supercapacitors using mesoporous hollow carbon nanoplates electrodes, the cyclic 

voltammetry (CV) profiles and cycling performance have been investigated. 

 To study the formation of SEI layer in WIS supercapacitors, the electrochemical 

impedance spectroscopy (EIS) technique has been used as a fundamental method and 

the corresponding equivalent circuit has been investigated. 

 To evaluate the temperature dependence of the electrochemical performance, the WIS 

supercapacitors have been measured in a range from 15 °C to 55 °C. 

The third part of work aims at synthesizing hollow MoS3 nanospheres and studying their 

behaviours in the WIS-LIBs. The working mechanism of MoS3 in WIS-LIBs has been also 

studied. The investigation has been performed as follows: 

 Spherical polyelectrolyte brushes (SPB) have been applied as template to generate 

hollow MoS3 particles. To immobilize the precursor of MoS3 onto the template, cationic 

SPB particles with poly (amino-ethylmethacrylate hydrochloride) (PAEMH) chains 

have been used. 

 To obtain the hollow structured MoS3 nanospheres, removing of SPB templates with 

THF solutions has been carried out. A comprehensive characterization is performed to 

study e.g. the morphology of hollow MoS3 nanospheres via TEM, high resolution 

transmission electron microscopy (HR-TEM), Cryo-TEM, and scanning transmission 

electron microscopy (STEM), the structure via XRD, Raman spectrum, and X-ray 

photoelectron spectroscopy (XPS) measurements, the elemental composition via energy 

dispersed X-ray spectroscopy (EDX) measurements, and the specific surface area via 

N2 adsoprtion/desorption methods. 

 The electrochemical performance of the obtained hollow MoS3 nanospheres has been 

investigated in the WIS-LIB full cells with LiMn2O4 as the cathode material. 2032-type 

coin cells and pouch cells have both been fabricated. The CV profiles, and cycling 

performance have been compared with the bulk MoS3 and bulk MoO3 anode materials. 

 In order to elucidate the working mechanism of MoS3 in the WIS-LIBs, XRD 

measurement and scanning electron microscopy (SEM) imaging have been performed 

on cycled electrodes.
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2 Theory 

Electrochemical energy storage refers to a progress of converting electrical energy from a 

power network into a form that can be stored for converting back to electrical energy when 

needed.79 Various types of energy storage can be divided into many categories, and over the 

past decade, steady progress has been made toward the development of high-power 

supercapacitors and high-energy rechargeable batteries. Characteristics of different systems are 

represented in a Ragone plot in Figure 2.1. Batteries are mature energy storage devices with 

high energy densities and high voltages, while supercapacitors provide high specific power and 

life cycle. Both devices contain two electrodes, an electrolyte, and a separator. Electrodes are 

active components of the energy storage system and are used for loading the active materials, 

which allow electrons to pass from one half-cell to the other through an external circuit. 

Electrolyte is a chemically stable liquid, gel or solid substance that provides conduction for the 

ions in the cell. Separator is a permeable membrane placed between the positive and negative 

terminals of the cell, which prevents instant self-discharge and electrical short circuits between 

the two electrodes while allowing the transport of ionic conductors that are essential for the 

flow of current in the cell.80 

 

Figure 2.1 Ragone plot showing the specific power vs. specific energy of various energy storage devices.80 

Copyright 2019 with permission from The Royal Society of Chemistry. 

2.1 Working mechanism of supercapacitors 

Supercapacitors, also known as electrochemical capacitors or ultracapacitors, have attracted 

significant attention, due to their high power density, long cycle life and bridging function for 

the power and energy gap between traditional dielectric capacitors and batteries81-82. Despite 

the much lower energy density compared to batteries, supercapacitors can have much higher 
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power densities, which makes them promising for applications such as portable electronics, 

electric vehicles and smart grids. As mentioned in the beginning of this chapter, three key 

elements of a supercapacitor are the electrode, electrolyte and separator, and their properties 

directly determine the overall performance of supercapacitors. The dielectric strength, chemical 

inertness, porosity (ion permeable) and shallow thickness are the most important requirements 

for a separator for effective working of the supercapacitor.83 The electrodes must be porous 

with high specific surface area, low electrical resistivity and high chemical stability. The main 

criteria for selection of an electrolyte are electrochemical stability and ionic conductivity.84 

Depending on the charge storage mechanism, supercapacitors can be briefly classified as 

electrochemical double-layer capacitors (EDLCs), pseudocapacitors (or capacitive 

supercapacitors), and hybrid capacitors (combination of the above two) as shown in Table 2.1.1. 

Table 2.1.1 Characteristics of different types of supercapacitors.6, 80 Copyright 2019 with permission from The 

Royal Society of Chemistry and copyright 2012 with permission from American Society of Civil Engineers. 

 EDLC type pseudocapacitor type hybrid capacitor type 

schematic 
diagram 

   

CV 

   

EDLCs are based on porous materials with high specific surface area as active electrode 

materials, where the capacitance is produced by the reversible adsorption of electrolyte ions 

onto the electroactive materials (Table 2.1.1). The surface electrode charge generation involves 

surface dissociation and ion adsorption from both the electrolyte and crystal lattice surface, so 

there is no charge transfer across the electrode/electrolyte interface and energy storage is a true 

capacitance effect.85 The energy storage and release mechanism is based on nanoscale charge 

separation at the electrochemical interface formed between the electrode and electrolyte. During 

the charging process, the electrons travel from the negative electrode to the positive electrode 

through an external circuit, while the cations move from the positive electrode to the negative 

electrode inside the device through the electrolyte. During the discharging process, the reverse 

processes take place.86 The mechanism is followed by the generation of two layers of polarized 

https://www.google.com.hk/url?sa=i&url=https%3A%2F%2Fascelibrary.org%2Fdoi%2Fabs%2F10.1061%2F%2528ASCE%2529EY.1943-7897.0000102&psig=AOvVaw0AyboPHuCsgFkuYDFdSVrB&ust=1583493615433000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCJj038ebg-gCFQAAAAAdAAAAABAD
https://www.google.com.hk/url?sa=i&url=https%3A%2F%2Fascelibrary.org%2Fdoi%2Fabs%2F10.1061%2F%2528ASCE%2529EY.1943-7897.0000102&psig=AOvVaw0AyboPHuCsgFkuYDFdSVrB&ust=1583493615433000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCJj038ebg-gCFQAAAAAdAAAAABAD
https://www.google.com.hk/url?sa=i&url=https%3A%2F%2Fascelibrary.org%2Fdoi%2Fabs%2F10.1061%2F%2528ASCE%2529EY.1943-7897.0000102&psig=AOvVaw0AyboPHuCsgFkuYDFdSVrB&ust=1583493615433000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCJj038ebg-gCFQAAAAAdAAAAABAD
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ions at the electrode interface due to the applied voltage.83 According to the working mechanism 

of EDLCs, high surface areas of electrode materials can contribute to more electrolyte ions 

accumulated at the electrode/electrolyte interface. Therefore, electrodes are usually made of 

carbon materials with high surface area and stable surface properties, for instance activated 

carbons, carbon aerogels, carbon nanotube, graphene, porous carbon spheres and so on.87-89  

 

Figure 2.1.1 Schematic representation of electrical double layer structures according to (a) the Helmholtz model, 

(b) the Gouy-Chapman model, and (c) the Gouy-Chapman-Stern model. The double layer distance in the 

Helmholtz model and the Stern layer thickness are denoted by H while ψs is the potential at the electrode surface.90  

Generally in EDLCs, an electric double layer appears when an electrode is immersed in the 

electrolyte which attracts counter-ions while repels co-ions.80 The balancing counter charge for 

this charged surface will form in the liquid, concentrating near the surface. There are three 

theories or models for this interface between a solid and a liquid, including the Helmholtz model, 

the Gouy-Chapman model, and the Gouy-Chapman-Stern model, as illustrated in Figure 2.1.1.  

The Helmholtz model91 is the simplest approximation for modeling the spatial charge 

distribution at double layer interfaces, which suggests that a charged surface immersed in an 

electrolyte solution repels ions of the same charge (positive or negative) but attracts their 

counter ions.90 The electrical double layer is formed by two layers: the layer of electronic charge 

at the electrode surface and the layer of counter ions in the electrolyte.92-93 The Helmholtz model 

hypothesizes that counter ions form a monolayer near the electrode surface. This theory 

considers rigid layers counterbalancing the charges from the solid and is taken as the simplest 

one, which does not adequately explain what occurs in nature. 
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Due to the limitation of the Helmholtz model, Gouy94 and Chapman95 have modified it with the 

consideration that the ion distribution should be continuous in the electrolyte solution and given 

by the Boltzmann distribution. Gouy suggests that the same amount of opposite ionic charge 

appears in a liquid surrounding a charged solid, but the ions are not rigidly attached to the 

surface. The ions in the solution tend to diffuse into the liquid phase until the counter potential 

set up by their departure restricts this tendency. The Gouy-Chapman model presents that the 

ions are mobile in the electrolyte solution under the combined effects of ion diffusion driven 

by concentration gradients and electromigration driven by the electric potential gradient, which 

results the diffuse layer in the system.90 This model makes a better approach to the reality than 

the Helmholtz model, but still has limited quantitative applications due to the overestimation of 

the electrical double layer capacitance. 

Later, Stern96 proposed a model combining the Helmholtz and Gouy-Chapman models by 

accounting for the accumulation of ions close to the electrode surface and the hydrodynamic 

motion of the ionic species in the diffuse layer. In the diffuse layer, the ions are mobile under 

the coupled influence of diffusion and electrostatic forces. Based on that, the differential, 

integral and equilibrium areal capacitance of one electrode can be computed by considering the 

Stern and diffuse layer capacitances by the following equation:90 

1

𝐶𝑠
=

1

𝐶𝑠
𝑆𝑡 +

1

𝐶𝑠
𝐷                                                           (2.1.1) 

where 𝐶𝑠
𝑆𝑡 and 𝐶𝑠

𝐷 are the Stern and diffuse layer areal capacitances on a differential, integral, 

or equilibrium basis, respectively. 

Pseudocapacitors mainly rely on fast and reversible faradaic redox reactions to store charges 

(Table 2.1.1). In the faradaic charge process, electrons transfer across the electrode interface by 

the oxidation or reduction of a chemical species. When a potential is added, fast and reversible 

faradaic reactions take place on the electrode materials and involve the passage of charge across 

the double layer, similar to the charging and discharging processes occurring in batteries, 

resulting in faradaic current passing through supercapacitors. Normally during charging, the 

surface region of redox-active materials are reduced to lower oxidation states coupled with 

adsorption/insertion of cations from the electrolyte at/near the electrode surface. Upon 

discharge, the process can be fully reversed. However, the power density of pseudocapacitors 

is lower than that of EDLCs because the slower Faradaic mechanism exhibits shrinking and 

swelling during charging and discharging, which leads to poor mechanism stability.97 
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In electrochemistry, the term pseudocapacitance designates a capacitive material of 

electrochemical nature with the linear reliance of charge stored on the width of the potential 

window.98 In pseudocapacitors, there involves charge passage across double layer with 

capacitance related to the amount of accepted charges and the operated potential. Electrode 

materials in pseudocapacitors are usually conducting polymers, metal oxides and metal sulfides, 

which can hold much higher specific capacitance values than EDLCs.99-100 The 

pseudocapacitance (C) is given by the derivation of charge acceptance (∆q) and charging 

potential (∆V) that is101: 

𝐶 =
𝑑(∆𝑞)

𝑑(∆𝑉)
                                                                 (2.1.2) 

Stemming from thermodynamic reasons, the faradaic charge transfer process across the electric 

double layer leads to a special potential-dependent charge accumulation or release phenomenon, 

so the derivation d(∆q)/d(∆V) is equivalent to a capacitance.102 

Based on it, pseudocapacitance can be described as follows102: 

(i) two-dimensional depositions (so-called underpotential deposition) of adatom arrays 

on electrode surfaces, such as H or Cu on Pt, Pb on Au, Bi on Au, Bi on Ag, H on 

Rh or Pt. 

(ii) redox processes in liquid or solid solutions, where the electrode potential E is a 

function of the log of ratio of reductant converted to oxidant (or vice-versa) in a 

redox system. 

(iii) where, in some cases, chemisorption of anions at electrode interfaces and potential-

dependent partial Faradaic transfer of an electronic charge103-104 take place at the 

same time. In general, there can be coupling between non-Faradaic double-layer 

charging and Faradaic surface processes.105 

Hybrid capacitors are composed of an EDLC electrode and a pseudocapacitive or battery type 

electrode, combining the properties of both systems and leading to an intermediate performance 

in some cases. With the latest development in this area, there are two types of hybrid 

supercapacitors. The first type is capacitor type electrode/capacitor type electrode and the 

second type is capacitor type electrode/battery type electrode (such as lithium ion 

capacitors).106-107 Lithium ion batteries usually offer high energy density while suffering from 

a limited cycle life. Additionally, in lithium ion batteries, a fast charging rate would result in a 

high underpotential, leading to hazardous Li plating and subsequent deterioration of the cell 
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performance. Based on that, combination of the fast charging rate of supercapacitors with the 

high energy density of batteries is a good choice. The capacity of a battery-type electrode is 

usually many times larger than that of a capacity-type electrode. The lithium ion capacitors are 

regarded as hybrid capacitors as they have one EDLC or pseudocapacitive electrode combined 

with the other rechargeable battery-type electrode, which requires an electrode material with a 

large surface area to assist the mobility of the electrons and ions. It should be noted that the 

electrochemical performance of hybrid capacitors can be improved by optimal selection of 

synergistic electrode materials. Thus, the use of an appropriate Li intercalation compound as 

the electrode is crucial to the final operating voltage and electrochemical performance. 

The capacitance (C) of supercapacitors is governed by some parameters, which is given by the 

equation6, 82:  

𝐶 = (εᵣ ∙ ε₀ ∙ A)/d                                                       (2.1.3) 

where εᵣ is the dielectric constant of the electrolyte, ε₀ is the dielectric constant of vacuum, A 

is the geometric surface area of the electrode, and d is the distance between two oppositely 

biased electrodes. In EDLCs, a potential difference is created at the electrode-electrolyte 

interface upon application of an electric potential to the electrodes. The electrode-electrolyte 

interface incorporates a double layer formed between the electrolyte ions and electronic charges 

on the electrodes.108 Based on it, d is the interplanar distance or the double layer thickness, 

which is very small.  

To provide a basis for comparison between different electrode materials, it has become common 

practice to provide a specific (gravimetric) capacitance, which is related to the capacitance of 

one single electrode, Csp (F/g). In case of a symmetric system, where both electrodes are equal 

in mass, thickness, size, and material, the following equation84 can be used: 

  𝐶𝑠𝑝 = 4 ∙
C

M
                                                              (2.1.4) 

where M is the total mass of active material. The factor 4 is related to normalization to the mass 

of one electrode for the two identical capacitors in series. 

The stored specific energy E (Wh/kg), also called energy density, in a supercapacitor is given 

by the following equation84: 
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𝐸 =
CV2

2𝑚∙3600
                                                              (2.1.5) 

where m (kg) is the mass of the supercapacitor and V (V) is the maximum voltage window of 

electrochemical stability. The normalization to the supercapacitor mass provides a basis for 

comparison with other devices. 

The maximum specific power P (W/kg) also depends on the voltage window and is given by 

the following equation84: 

𝑃 =
𝑉2

4∙ESR∙m
                                                             (2.1.6) 

where ESR (Ω) is the equivalent series resistance of the system. The ESR corresponds to the 

sum of the resistances related to the ionic resistance of the electrolyte impregnated in the 

separator, the electronic resistance of electrodes and interface resistances between electrodes 

and current collectors. 

 

Figure 2.1.2 (a) Nyquist and (b) Bode plots for a schematic impedance model.109 Copyright 2018 with permission 

from The Royal Society of Chemistry. 

The electrical impedance of a supercapacitor can be determined by electrochemical impedance 

spectroscopy measurements at a specified potential. In the impedance measurements, the 

frequency can be directly correlated with the potential scan rate in cyclic voltammetry. Bode 

plots are simply utilized to detect the frequency in which the system reaches the phase 
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difference associated with the capacitive behavior. In general, the impedance can be represented 

as 

𝑍(𝜔) = 𝑍𝑅𝑒 − 𝑗𝑍𝐼𝑚                                                      (2.1.7) 

where ZRe and ZIm are the real and imaginary parts of the impedance, respectively. The 

magnitude of Z, written |Z| or Z, is given by 

|𝑍|2 = (𝑍𝑅𝑒)2 + (𝑍𝐼𝑚)2                                                  (2.1.8) 

and the phase angle, ϕ, is given by110 

tan 𝜙 =
Z𝐼𝑚

Z𝑅𝑒
=  

1

𝜔𝑅𝐶
                                                       (2.1.9) 

where ω is the angular frequency, R is the electrical resistance, and C is the capacitance. The 

phase angle expresses the balance between capacitive and resistive components in the series 

circuit. For a pure resistance, ϕ = 0; for a pure capacitive, ϕ = π/2; for mixtures, intermediate 

phase angles are observed.  

Figure 2.1.2 (a) displays a general impedance behavior of systems consisting of three main 

regions: high frequency semi-circle, mid-frequency Warburg impedance and low-frequency 

capacitive behavior.87 The conventional capacitors have a very low equivalent series resistance 

and an almost entirely imaginary impedance, represented by a vertical line intercepting the real 

impedance axis at Rs. In supercapacitors, the role of solid-state diffusion is less significant. In 

most cases, there is a gradual transformation from the second to the third region as can be 

followed by a gradual change in the angle in Nyquist plots. In Bode plots, this can be seen as a 

gradual increase of the phase angle to reach a steady value close to 90°.109 

2.2 Working mechanism of Li-ion batteries 

Unlike supercapacitors, electrochemical batteries store energy in the form of chemical energy 

inside electrode active materials by chemical bonds, and convert the chemical energy into direct 

current electricity through redox reactions or intercalation.111 Among them, the overwhelming 

appeal of Li-electrochemistry lies in its low molecular weight, small ionic radius which is 

beneficial for diffusion, and low redox potential [E°(Li+/Li) = -3.04 V vs. standard hydrogen 

electrode (SHE)]112. The latter enables high-output voltages and therefore high power densities. 
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Such attractive properties, coupled with its long cycle life and rate capability, have enabled Li-

ion technology to capture the portable electronics market.113-114  

A rechargeable Li-ion battery generally consists of two electrodes, in which the active charge 

carrying elements have different chemical potentials, and in between there is an electrolyte as 

an ionic conducting medium. To obtain better electrochemical performance, Li-ion batteries are 

desired to meet the following requirements: high energy and power density, promising cyclic 

stability, low cost, environmental friendliness and safety. In a Li-ion battery, Li ions migrate 

across the electrolyte located between two electrodes, while electrons flow via the external 

circuit (Figure 2.2.1). The most common used commercial Li-ion battery system at present is 

graphite-LiCoO2.115 Industrially, both cathode and anode are produced from active materials 

mixed with 3-5 wt% of a polymer binder and 1-5 wt% of conductive carbon additive and casting 

on a metal current collector (aluminum foil for the cathode and copper foil for the anode).116 

Usually, in order to avoid short circuits, the electrodes are separated with a porous and 

electrically insulated membrane.  

 

Figure 2.2.1 Schematic diagram of a Li-ion battery.117 Copyright 2011 with permission from American Association 

for the Advancement of Science. 

The working mechanism of Li-ion batteries can be decided by the ways of lithium ions 

interacting with the electrode active materials: insertion/extraction, alloy/de-alloy and 

conversion. For the first one, it is the most commercially successful one, mainly involving 
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transition metal oxide cathodes and graphite anodes. During the charging process, lithium ions 

transport from the positive electrode to the negative electrode by the oxidation of the anode. To 

maintain the charge balance, ionic migration occurs inside the battery through the electrolyte. 

The process is reversible while discharging.118-119 This is also known as “shuttle chair” 

mechanism, where the Li ions shuttle between the anode and cathode during charge and 

discharge.  

Electrochemical reactions at the two electrodes released the stored chemical energy.120 The total 

Gibbs free energy change due to the electrochemical reactions on the two electrodes is 

determined by the electrode materials selected. Given the overall electrochemical reaction and 

charges transferred, the theoretical cell voltage can be estimated as follows113: 

𝐸𝑜 =
−∆𝐺

𝑛𝐹
                                                                  (2.2.1) 

Here, n is the quantity of transferred electrons per mole electrode materials in the oxidation or 

reduction reactions. F is the Faraday constant (F= 96485 C/mol).  

The practical voltage other than the standard state can be determined from the Nernst 

equation121: 

𝐸 = 𝐸0 −
𝑅𝑇

𝑛𝐹
ln 𝑄                                                          (2.2.2) 

where the reaction quotient Q contains the activities of all species in the reaction. 

Usually two kinds of phase transitions can be observed during the Li+ extraction/intercalation 

process. One is the first-order phase transition, which typically appears in the electrode 

materials such as LiFePO4. Its charge-discharge curves can usually be presented as “L” shapes, 

indicating a clear potential plateau during Li+ extraction/intercalation due to formation of a 

distinct new structural phase. The second behaves as a second-order phase transition. A typical 

charge-discharge “S” shape curve is usually observed, revealing a continuous change in 

electrochemical potential due to continuous formation of solid solution phases. It usually can 

be found in the Li+ extraction/intercalation in LiCoO2.122 Phase transition is associated with the 

speed of the phase transition reaction. The speed of the electrochemical reaction during the 

process of Li+ extraction/intercalation is not only related to the intrinsic ionic and electronic 

transfer of materials, but also to the interface between electrode and electrolyte.122  
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Figure 2.2.2 (a) Representative Li+ cation solvate species (SSIP, CIP and AGGs) in dilute and concentrated 

electrolytes.Schematic illustration of the electrolyte reduction mechanism at the electrode/electrolyte interface in 

(b) dilute and (c) concentrated electrolytes.123 

In an electrochemical device, interfaces between electrolyte and electrodes constitute the only 

legitimate sites for electron exchange. In lithium-based cells, because of the extreme potentials 

where anodes or cathodes operate, these interfaces are no longer the two-dimensional entities 

frequently encountered in low voltage electrochemical devices and well described in classical 

electrochemistry textbooks. Instead, they become three-dimensional independent interphases 

resulting from the sacrificial decomposition of electrolyte components, named solid electrolyte 

interphase (SEI) after their electrolyte nature.124 SEI is important because they are essentially 

responsible for the reversibility of Li+ intercalation chemistries while dictating the kinetics of 

overall cell reactions. However, they are difficult to characterize because of their sensitive 

chemical nature, elusive manner of formation. The synergistic effects of both salt and solvent 

molecules affect the quality of the SEI derived from the electrolytes. From a solvation structure 

point of view, a Li+ is normally coordinated with 3 to 4 solvent molecules in the dilute 

electrolyte solution, which is dominated with solvent-separated ion pairs (SSIPs) and free 

solvent molecules (Figure 2.2.2 (a)).125 Therefore, the SEI layer formed in regular electrolytes 

is mainly derived by the decomposition of electrolyte solvents (Figure 2.2.2 (b)). In the case of 

concentrated electrolyte (typically ˃ 3.0 M being molarity (mol/L)), the coordination number 

is reduced to 1-2 due to the scarity of solvent molecules. Salt anions enter the solvation sheath 

to form contact ion pairs (CIPs) and cation-anion aggregates (AGGs). These salt anions thus 

participate in the SEI layer formation by shifting from a solvent decomposition to a salt anion 
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decomposition/reaction as a result of the increase of Li salt concentration (Figure 2.2.2 (c)). In 

concentrated electrolyte, the SEI layer is mainly derived from anions, which has improved 

qualities such as better adhesion to the electrode surface and enhanced mechanical property.123 

The performance of Li-ion batteries can be evaluated by a number of parameters, such as 

specific energy, volumetric energy, specific capacity, cyclic stability and the dis/charge rate. 

Specific energy (Wh/kg) measures the amount of energy that can be stored and released per 

unit mass of the battery, which can be obtained by multiplying the specific capacity (Ah/kg) 

with operating battery voltage (V). Specific capacity determines the amount of charge that can 

be reversibly stored per unit mass. It is closely related to the number of electrons released from 

electrochemical reactions and the atomic weight of the host. Cyclic stability measures the 

reversibility of the Li-ion insertion and extraction process in terms of the number of charge and 

discharge cycles before the battery loses energy significantly, which is affected by depth of 

discharge and state of charge, as well as operating temperatures. The rate of charge or discharge 

measures how fast the battery can be charged and discharged, typically called as C rate. At n C, 

the battery is fully discharged releasing maximum capacity in 1/n h.113 On discharge, an internal 

resistance Rb to the ionic current Ii reduces the output voltage Vdis of a cell by a polarization 

η=IiRb, relative to the open-circuit voltage Voc. The voltage Vch required to charge the cell is 

increased by η, which then represents an overvoltage. Therefore, the discharge and charge 

voltages of a cell are126 

𝑉𝑑𝑖𝑠 = 𝑉𝑜𝑐 − 𝜂(𝑞, 𝐼𝑑𝑖𝑠)                                                     (2.2.3) 

𝑉𝑐ℎ = 𝑉𝑜𝑐(𝑞, 𝐼𝑐ℎ) + 𝜂(𝑞, 𝐼𝑐ℎ)                                               (2.2.4) 

where q represents the state of charge and Idis, Ich are the discharge and charge currents, 

respectively. The total charge transferred by the current i=dq/dt on discharge or charge is126 

𝑄 = ∫ 𝐼𝑑𝑡
∆𝑡

0
= ∫ 𝑑𝑞

𝑄

0
                                                    (2.2.5) 

Q is referred to as the cell capacity, which depends on I because the rate of transfer of ions 

across electrode-electrolyte interfaces becomes diffusion-limited at high currents. Moreover, 

on charge/discharge cycling, changes in electrode volume, electrode-electrolyte chemical 

reactions, and/or electrode decomposition can cause an irreversible loss of capacity, known as 

capacity fading.  
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The density of stored energy in a fully charged cell is obtained by measuring the time for its 

complete discharge at a constant current Idis=dq/dt126: 

Energy density = ∫ 𝐼𝑉(𝑡)𝑑𝑡/𝑤𝑡
∆𝑡

0
= ∫ 𝑉(𝑞)𝑑𝑞/𝑤𝑡

𝑄

0
                      (2.2.6) 

where wt is the weight of the cell. This gravimetric energy density (Wh/kg or mWh/g) is 

dependent on Idis through Q(Idis). 

The theoretical capacity of active electrode materials in Li-ion batteries can be estimated based 

on electrochemical reactions involved. For example, electrochemical reaction for the anode of 

graphite that can intercalate reversibly with lithium ions to form LiC6, the reaction is 

Li+ + e- + 6C ↔ LiC6 

The intercalation of Li ions onto graphite occurs in stages such as LiC24, LiC27 and LiC12 via 

first-order phase transition reactions between various stages.127 The theoretical specific capacity 

(mAh/g) of graphite anode can be calculated as follows: 

𝐶𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 =
𝑥𝐹

𝑛𝑀
=

1×(96485𝐶/𝑚𝑜𝑙)

6×(12𝑔/𝑚𝑜𝑙)
= 372 𝑚𝐴ℎ/𝑔                         (2.2.7) 

where x is number of electrons transferred in the reaction, n is number of moles of a chosen 

electroactive component that takes place in the reaction and M is the molecular weight of the 

same electroactive component.113  

In practice, to evaluate specific capacity of a Li-ion battery cell, one not only has to take into 

consideration of the integration of cathode and anode materials but also other essential 

components, such as binders, conductive enhancers, separators, electrolyte, current collectors, 

case, tabs, as well as battery management systems. Therefore, the practical energy density is 

always less than that estimated from the battery chemistry.113 For example, for LiCoO2-graphite 

cells, the theoretical energy density is more than 250 Wh/kg, while in practice the value is only 

about 150 Wh/kg at cell level. 

2.3 Principal of “water-in-salt” electrolytes for energy storage 

Considering the cost, safety and environmental impacts, aqueous battery systems have regained 

interests in recent years for large-scale green energy storage. However, in a conventional 

aqueous electrolyte, the decomposition products (H2, O2 or OH-) from water are incompetent 



2020                                                                                                                           Ting QUAN 

28 

 

to deposit in a dense solid state to function as a protective interphase. Therefore, the aqueous 

based electrolytes suffer from a narrow electrochemical stability window (water splitting at > 

1.23 V), intrinsically limiting the practical operating voltage and energy output. Based on it, 

the highly concentrated aqueous electrolyte for aqueous based Li-ion batteries has been 

proposed. One example of the highly concentrated electrolyte, which is usually called “water-

in-salt” electrolyte, is ˃20 m (m: mol-salt in kg-solvent) LiTFSI in water. With a LiTFSI 

concentration of 21 m (cation: water molar ratio of 1:2.6), their molecular dynamics simulation 

predicted that on average two TFSI- anions would be involved in each Li+ primary solvation 

sheath, leading to an interfacial chemistry dominated by the reduction of TFSI- anions. This 

reduction process generates sufficient LiF from TFSI- to form a robust anode SEI. The LiF-rich 

interphase serves as an electron barrier preventing the reduction of both TFSI- anions and water 

molecules while still allowing for prompt Li+ ion conduction. The formation of this unique 

electrode/electrolyte interface pushes both oxygen and hydrogen evolution potentials well 

beyond the stability limits of water. As a result, an extended electrochemical stability window 

is achieved for the concentrated solution containing 21 m LiTFSI.123 

 

Figure 2.3.1 Illustration of the evolution of the Li+ primary solvation sheath in diluted and “water-in-salt” 

solutions.25 Copyright 2015 with permission from American Association for the Advancement of Science. 

In “water-in-salt” electrolytes, LiTFSI is chosen as the salt because of its high solubility in 

water (21-22 m at 25 °C) and high stability against hydrolysis. When the LiTFSI concentration 

is above 5 m, the water-in-salt definition applies, as the salt outnumbers the solvent in the binary 

system by both weight and volume. In these solutions, the average number of water molecules 

available to solvate each ion is far below the “solvation numbers” that are well established in 

conventional electrolytes (~1.0 m). According to the thermal analysis of the highly concentrated 
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solutions in previous reports, solutions at both 20 and 21 m are “true” liquids at room 

temperature (25 °C) that can be supercooled down to -90 °C with negligible crystallinity. The 

room temperature conductivity of 21 m solution remains ~10 mS/cm, comparable to that of 

nonaqueous electrolytes (9.0 mS/cm).25 

For dilute solutions (Figure 2.3.1), Li+ remains well hydrated in its primary solvation sheath 

with sufficient free water available. In such electrolytes, attempts to lithiate an anode, whose 

lithiation potential is below that of water reduction, would lead to preferential reduction of 

water and sustained hydrogen evolution. Compared to it, with LiTFSI concentrations increased 

beyond 20 m, molecular dynamics simulation predicts that on average two TFSI anions are 

observed in each Li+ primary solvation sheath, and such a high probability of TFSI- leads to an 

interphasial chemistry dominated by the reduction of TFSI-. Such interphase serves as an 

electron barrier to prevent the reduction of water while allowing Li+ migration, thus realizing 

the expanded electrochemical stability window of the system.25 

Highly concentrated Li salt in the electrolyte alters the interfacial reaction pathways and the 

properties of the SEI layers. The fundamental reason is usually ascribed to the significant 

change in the electrolyte solution structures, reduction of free water molecules, and the 

corresponding modified highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) energies.  

Similar to that in Li-ion batteries, when applied in supercapacitors, the high LiTFSI 

concentration can increase the conductivity of ions and lower the electrolyte impedance to 

improve the power density performance. Contrary to the conventional aqueous electrolytes for 

supercapacitors, the water  molecules in “water-in-salt” electrolytes do not play a direct role on 

the variation of the capacitance because most of them are strongly bound inside the first 

hydrogen shell of the Li+ ions, so that the capacitive behavior overall displays similar features 

as in the case of pure ionic liquids.128 The ions, instead of being completely solvated by the 

solvent, are mostly surrounded by their counter ions and only with a limited number of water 

molecules.129 

2.4 Molybdenum sulfides for supercapacitors and Li-ion batteries 

The phase diagram of molybdenum sulfide contains two common phases, MoS2 and MoS3, 

which are both chemically stable in ambient conditions.  
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Figure 2.4.1 (a) Schematic structural illustrations of 2D layered MoS2. The blue and yellow spheres represent Mo 

and S atoms, respectively,78 (b) top and side views of the 2H (left) and 1T (right) structures for the MoS2 monolayer, 

Mo, cyan; S, yellow,130 (c) the occupation of electrons in Mo 4d orbits under the crystal fields of 1T phase and 2H 

phase.131 Copyright 2017 with permission from WILEY-VCH, 2013 with permission from Springer Nature and 

2015 with permission from AIP Publishing. 

MoS2 features the layered structure similar to graphene and each layer consists of one Mo layer 

and two S layers (S-Mo-S), which are bonded to adjacent MoS2 layers by weak van der Waals 

force and the corresponding molecular structure scheme is shown in Figure 2.4.1 (a). The Mo 

atoms provide four electrons to fill the bonding states of MoS2 such that the oxidation states of 

Mo and S atoms are +4 and -2, respectively. The lone-pair electrons of S atoms terminate the 

surfaces of the layers, and the absence of dangling bonds renders those layers stable against 

reactions with environmental species. Based on the crystal structure of MoS2, three main types 

of atom arrangements (1T-MoS2, 2H-MoS2, and 3R-MoS2) have been found. For the 1T phase, 

there is one layer per repeat unit; for the 2H phase, there are two layers per repeat unit; and for 

the 3R phase, there are three layers per repeat unit. As shown in Figure 2.4.1 (b), in 1T and 2H 

phases, each Mo center is surrounded by six S atoms. 2H phase is prismatically coordinated 

with S atoms in the upper and lower planes lying in a line, while in the 1T phase, the Mo atoms 

occupy the octahedral holes of the S layers, and the S atoms in the upper and lower planes are 

offset.132 By sliding one S and/or one Mo atomic layer along the armchair direction, the 2H 
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phase can be transformed into the 1T phase. The atomic arrangements of the 2H and 1T 

structures strongly depend on the electronic structure of Mo and its 4d-electron count.130, 133 As 

indicated in Figure 2.4.1 (c), the d orbitals of octahedrally coordinated 1T-phase MoS2 form 

degenerate dxy,xz,yz (t2g) and dz2,x2-y2 (eg) orbitals. Because of the incomplete occupation of the 

lower-lying t2g orbital, 1T-phase MoS2 has metallic electronic characteristics but is unstable. In 

trigonal prismatically coordinated 2H-phase MoS2, a crystal field-induces splitting of the Mo 

4d-orbitals leads to the formation of dz2 (a1ʹ), dx2-y2,xy (eʹ), and dxy,yz (eʺ) bands separated by a 

sizeable energy gap (≈1 eV) between the first two groups of orbitals. These two Mo d electrons 

fill the lower lying a1ʹ orbital, giving it semiconducting characteristics with high stability at 

room temperature.134 

 

Figure 2.4.2 Schematic structural illustration of one-dimensional chain-like MoS3, the blue and yellow spheres 

represent Mo and S atoms, respectively.78 Copyright 2017 with permission from WILEY-VCH. 

MoS3 has a chain-like arrangement of molybdenum atoms, which have a trigonal prismatic 

coordination of six sulfur atoms. Adjacent Mo atoms are bridged by three sulfur atoms along 

the chain. Every two metal atoms in the chain are paired up with a shorter metal-metal distance 

and one S-S bond in every other triangle. The proposed arrangement of MoS3 corresponds to a 

formal charge state of Mo4 (S2
2-)1/2(S2-)2.135 The Mo-Mo separation is 361.8 pm, and the 

terminal Mo-S bond length of 210.7 pm is largely shorter than those between molybdenum and 

bridging sulfurs (249.3 pm). The S-S distance in the –S2– bridge is 212.4 pm.136 

2.4.1 Molybdenum disulfide for supercapacitors 

As a typical two dimensional transition metal dichalcogenides, MoS2, providing abundant 

active sites for charge accumulations and facile channels for the insertion/extraction of 

https://www.google.com.hk/url?sa=i&url=https%3A%2F%2Fonlinelibrary.wiley.com%2Fdoi%2F10.1002%2Faenm.201601602&psig=AOvVaw2wfCpKFAPI_pQRQuyVCrMp&ust=1587642635693000&source=images&cd=vfe&ved=0CAIQjRxqFwoTCOD66fH7--gCFQAAAAAdAAAAABAD
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electrolyte ions, has been widely explored as the electrode material for supercapacitors. MoS2 

is expected to exhibit good supercapacitive properties due to its sheet like morphology, which 

provides large surface area for double-layer charge storage, and a range of oxidation states from 

+2 to +6 of Mo for psudocapacitive storage. In addition, MoS2 has the advantages of higher 

intrinsic fast ionic conductivity (than oxides) and higher theoretical capacity (than graphite). 

Supercapacitors based on MoS2 as electrode undergo three main modes: (a) intersheet double-

layer charge storage, (b) intra sheet double-layer charge storage on individual atomic MoS2 

layers through diffusion into the basal edges, (c) faradaic charge transfer process on the Mo 

transition metal center.137 It is worth noting that for the faradaic charge transfer process, the 

high density of basal edges, consisting of charged S or Mo species, offers a large number of 

accessible “entry” sites, whereby intersheet diffusion of protons can occur. One possible 

mechanism is the intercalation of protons (H+) or alkali metal (Li+, Na+) from electrolytes in 

the interlayers upon reduction, followed by deintercalation upon oxidation:58 

MoS2 + H+ +e- ↔ MoS-SH                                            (2.4.1.1) 

The intercalation reaction of Li proceeds by reduction of the MoS2 layers and an insertion of 

Li+ cations into the layers of MoS2 (bonded by van der Waals intercalations) for charge 

compensation. This is accompanied by significant changes in the electronic and 

crystallographic structure of the host lattice. During the Li intercalation reaction, the 

semiconductor 2H-MoS2 undergoes a phase transition to a metastable metallic 1T-MoS2 

polymorph.138 Usually the favorable interaction is found along the van der Waals gap of the 

(101̅0) surface. After charge process, both phases (1T and 2H) are present in the sample. In 

addition, the continual intercalation and deintercalation of the relatively large alkali ions in the 

electrolytes over repeated cycles can also lead to exfoliation of the MoS2 layers that are 

restacked during the filtration process, leading to an increased surface area and subsequently a 

much larger specific capacitance.139 

The nonfaradaic process involves the adsorption of protons or cations on the surface of MoS2:58 

(MoS2)surface + H+ + e- ↔ (MoS2)surface-H                                (2.4.1.2) 

Larger-sized anions with lower electrophoretic mobility produce a more drastic reduction in the 

capacitance for thin films, which is due to the reason that thin films exemplified by the densely 

packed sheet-like structures do not allow close access of big anions to the surface because of 

electrostatic repulsion. 
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2.4.2 Molybdenum trisulfide for Li-ion batteries 

As mentioned, all molybdenum in MoS3 occurs in the 4+ oxidation state, while sulfur is present 

in two stages, including S2- and S2
2- ligands in different types of coordination. When applied as 

electrode material in Li-ion batteries there are multiple reaction mechanisms of sulfur with 

lithium. The first step is the transformation of sulfur to lithium polysulfide (Li2Sn, 2n8) at 

higher potential of about 2.5 V, and the second step is the change of lithium polysulfide to 

lithium sulfide (Li2S) at lower potential of 1.8 V. Comparing the CV results on MoS3 and S, a 

reduction peak at 2.5 V (vs. Li/Li+) that represents the transformation of sulfur to lithium 

polysulfide is not observed, which means that elemental sulfur does not exist in the MoS3 

electrode.76 

 

Figure 2.4.2.1 (a) Cyclic voltammetry for a MoS3/r-GO half-cell with 1 M lithium hexafluorophosphate (LiPF6) 

in ethylene carbonate (EC): diethyl carbonate (DEC) (1:1, v/v %) as electrolyte, (b) schematic showing the 

sequence of in situ electrochemical pulverizations in MoS3/r-GO, which is caused by fully repetitive lithiation and 

delithiation during initial formation cycles.73 Copyright 2019 with permission from American Chemical Society. 

During the operation process, adsorption of Li+ ions at the bridge sites between two adjacent S 

atoms is the most energetically stable. The chain-like molecular structure of MoS3 has more 

open sites for Li+ storage than the common studied MoS2: it can uptake four alkali ions per 

MoS3 with the 1D structure, while 2D MoS2 can only uptake two Li+ ions per MoS2 unit, which 

gives rise to the larger capacity of MoS3 than MoS2. It also has been found that alkali ions can 
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easily diffuse along the MoS3 chain and the optimal diffusion path is from one bridge site to the 

adjacent bridge site, passing through a metastable site. In addition, the diffusion energy barrier 

associated with the process is only 0.212 eV, much smaller than that of 2H-MoS2 (0.68 eV). 

The small diffusion energy barrier facilitates fast charge and discharge processes in Li-ion 

batteries, and consequently enhances the battery rate capability.78 

When using 1 M LiPF6 in EC: DEC (1:1, v/v %) as electrolyte, MoS3 undergoes the multiple 

phase transformation during cycling in Li-ion batteries, as shown in Figure 2.4.2.1.  During the 

first formation cycling in the CV curve, lithiation peaks are observed at 1.59, 1.45 and 0.67 V, 

corresponding to the phase transformation of MoS3 to metallic Mo and Li2S by intercalation 

and conversion, respectively (Eq. 2.4.1-2.4.3).73 

MoS3 + 2Li+ + 2e-  MoS2 + Li2S             1.59 VLi+/Li               (2.4.1) 

MoS2 + xLi+ + xe-  LixMoS2                 1.45 VLi+/Li               (2.4.2) 

LixMoS2 + (4-x)Li+ + (4x)e-  Mo + 2Li2S    0.67 VLi+/Li               (2.4.3) 

For the delithiation, two oxidation peaks appear at 1.44 and 1.89 V, corresponding to oxidation 

of Mo to Mo4+ and further to Mo6+, respectively (Eq. 2.4.4 and 2.4.5). In addition, the oxidation 

peak for Li2S is observed at 2.31 V (Eq.2.4.6).73 

Mo  Mo4+ + 4e-                           1.44 VLi+/Li               (2.4.4) 

Mo4+  Mo6+ + 2e-                          1.89 VLi+/Li               (2.4.5) 

3Li2S  3S + 6Li+ + 6e-                      2.31 VLi+/Li               (2.4.6) 

However, from the second cycle, the lithiation of MoS3 to MoS2 and Li2S dramatically 

decreases and the intercalation of MoS2 significantly increases, which indicates that during the 

initial formation cycles the lithiated MoS3 starts to decompose into LixMoS2 and Li2S. 

Therefore, the reversible reaction is composed of both lithiation (Eq.2.4.7 and 2.4.8) and 

delithiation (Eq.2.4.9), and during this conversion, the amorphous MoS3 is recombined to a 

relatively stable MoS2 crystalline nanostructure with Li2S. 

MoS2 + S + (2+x)e-  LixMoS2 + Li2S          1.58 VLi+/Li               (2.4.7) 

LixMoS2 + (4x)Li+ +(4x)e-  Mo + 2Li2S      1.20 VLi+/Li               (2.4.8) 
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Mo + 3Li2S  MoS2 + S + 6Li+ +6e-            2.31 VLi+/Li               (2.4.9) 

Based on the above analysis, fully repetitive lithiation and delithiation reactions in organic 

electrolyte-based Li-ion batteries lead to the conversion of amorphous MoS3 to crystalline MoS2 

and the pulverization by repeatedly decomposing and recombining bonds between Mo and S. 

The phase transformation of amorphous MoS3 in aqueous Li-ion batteries is for the first time 

discussed in Chapter 5.  
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3 Highly dispersible hexagonal carbon-MoS2-carbon 
nanoplates with hollow sandwich structures for 
supercapacitors 

In recent years, mono- and multi-layered transition metal dichalcogenides (TMD) nanosheets 

have attracted intensive interest and have shown broad application on prospects such as 

catalysis,140 electrochemistry,57 and optics.141 The TMD materials include the disulfides, 

diselenides, and ditellurides of Mo, Ti, Zr, Hf,V, Ta, Nb, Cr and W, yet only the Mo and W 

compounds (disulfides, diselenides, and ditellurides) form a hexagonal-type crystal structure.46 

Among all, MoS2, a typical TMD material resembling graphene, has gained much attention.142 

MoS2 has a layered structure and each layer is made of MoS6 trigonal prisms which share edges 

with each other. The layers are stacked and held together by weak Van der Waals forces. The 

outstanding structures of mono- or few-layered MoS2 can provide highly active sites, a high 

specific surface area and an extended contact with an electrolyte when it is applied in energy 

storage devices.143-148 Thus, MoS2 has been widely studied as promising anode material in 

lithium ion batteries (LIBs) and sodium ion batteries (SIBs) due to its low cost, high specific 

capacity, and layered structure with improved intercalation and de-intercalation dynamics of 

alkaline ions. Recently, metallic 1T-MoS2 phase has been demonstrated as a highly efficient 

electrode material for supercapacitors, which in particular are an ideal technology to exploit the 

beneficial properties of 2D materials.63, 149 Moreover, the energy storage performance of the 

devices strongly relies on the matching of the electrolyte interlayer spacing and the electrolyte 

ion diameter,150 especially for supercapacitors. The average interlayer spacing of graphite 

materials is about 0.335 nm, which is quite smaller than that of electrolyte ion diameters 

(hydrated potassium ions is 0.66 nm and hydrated sodium ions is 0.72 nm).151-154 This means 

there will be barrier for the electrolyte ions to diffuse into the electrode, which may cause 

limitations to the material applications in energy storage despite the excellent physical and 

chemical properties of graphite. With comparison, MoS2 will present better performance with 

larger interlayer spacing about 0.615 nm, especially for aqueous electrolytes. 

Up to now, MoS2 can be synthesized through two methods,155 including the top-down method 

(liquid phase exfoliation)156 and the bottom-up method (wet chemical synthesis method)157. In 

order to control the size and shape of the particles, many researchers prefer to use the chemical 

synthesis, which shows advantages e.g. an easy control of size and shape of particles.158 

Recently, Lou et al.159 synthesized hollow MoS2 microboxes using L-cysteine as the S source 

by hydrothermal method and applied it in Li-ion batteries. Wu et al.160 fabricated hollow 
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nanostructured MoS2 using CTAB as an additive by hydrothermal method and measured the 

electrochemical performance in supercapacitors. In order to figure out the superior of hollow 

structure to other structures, they also produced two other morphologies, namely nanosheet and 

flower-like. They found that the hollow nanostructured MoS2 has the best property with the 

specific capacitance of 160.1 F/g at a current density of 1 A/g and retention rate of 94.8% after 

3000 cycles, while specific capacitances of the nanosheet structured and flower-like materials 

are only 141.4 F/g and 130.9 F/g with the retention rate of 84.1% and 73.2%, respectively.   

However, there are still some challenges to apply MoS2 in supercapacitors. Compared to typical 

carbon materials, the electronic conductivity of MoS2 is limited, which can influence the 

electrochemical performance of devices. Therefore, combining MoS2 with high conductive 

materials like carbon or graphite is a good solution. Hu et al.161 used anodic aluminium oxide 

(AAO) as the template to synthesize carbon and MoS2 on it. By removing the template, they 

finally got a porous tubular C/MoS2 hybrid material, which has been further used as a novel 

electrode material. They found that the supercapacitor could deliver a high capacitance of 210 

F/g at 1 A/g with excellent cycling stability over 1000 cycles. In addition, due to the interlayer 

van der Waals attraction and high surface energy, free-synthesized MoS2 tends to aggregate not 

only during the synthesis but during charge-discharge cycling of supercapacitors, leading to 

undesirable energy storage behaviors. Assembling MoS2 onto a support will provide this kind 

of 2D material with large specific surface area and highly exposed active sites. The existence 

of template will avoid the aggregation of the MoS2 particles, thus improve the performance of 

energy storage. Moreover, the hollow structure obtained by removing the template further 

improves the contact of the interface electrolyte/active material and provides additional 

electrochemically active sites for energy storage.159, 162-164  

In this chapter, hollow carbon-MoS2-carbon nanoplates have been successfully synthesized by 

an L-cycteine assisted hydrothermal method using gibbsite as template and polydopamine as 

carbon precursor. After calcination and etching of gibbsite templates, uniform MoS2 composite 

with the hollow hexagonal nanoplate structure exhibit high specific surface area and excellent 

dispersity and stability in water. A high electronic conductivity was also obtained by the 

introduction of carbon coatings. In addition, the hollow structure with well-defined interior 

voids can prevent the volume change during charge and discharge of supercapacitors, mainly 

caused by the intersheet and intrasheet double layer storage,58 which always occurs in bulk 

MoS2. 



3. Hollow carbon-MoS2-carbon nanoplates 

 

39 

 

3.1 Synthesis of hollow carbon-MoS2-carbon nanoplates 

 

Figure 3.1.1 Synthesis procedure of the hollow carbon-MoS2-carbon nanoplates. 

In this work, a multistep strategy to synthesize hollow carbon-MoS2-carbon nanoplates has been 

presented by the L-cysteine assisted hydrothermal method using gibbsite as template and 

polydopamine as the carbon precursor, as illustrated in Figure 3.1.1. L-cysteine is of particular 

interest in nanomaterial preparation due to its multifunctional groups (–SH, –NH2 and –COO-

),159, 165-166 which can be used for the conjugation of metallic ions or other functional groups. 

When heated, L-cysteines can release H2S, which acts as sulfide source as well as a reducing 

agent, resulting in the formation of metal sulfide nanoparticles. In addition, under the solution-

phase reaction, L-cysteines form a polymeric network structure, which facilitates the formation 

of a two-dimensional structure for the compounds. However, a drawback associated with 

hydrothermal method is the inevitable conglutination of the nanoparticles and the formation of 

non-dispersible bulk materials at high temperatures. The silica nanocasting technique 

introduced by Lu et al.167 can help synthesize discrete and dispersible nanoparticles in an 

elegant way.  
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Figure 3.1.2 (a) (b) TEM images and (c) XRD pattern of the synthesized gibbsite nanoplates, (d) TEM image of 

the PDA-coated gibbsite nanoplates, (e) TEM image of the enlarged part of a gibbsite-PDA nanoplate, The yellow 

arrow points to the PDA layer (~9 nm), (f) TEM image of the standing nanoplates, which indicates the thickness 

and structures of the nanoplates. 

Gibbsite nanoplates have been first synthesized according to the method developed by 

Wierenga et al.168 The as-prepared gibbsite nanoplates can be dispersed easily in water and kept 

stable for a long time, which is beneficial for the further modification of the particles in aqueous 

solutions. TEM measurement is performed to investigate the morphology of the synthesized 

gibbsite nanoplates. TEM image in Figure 3.1.2 (a) shows the discrete state and homogeneous 

size distribution of the nanoplates The image in Figure 3.1.2 (b) shows the homogeneous 

hexagonal shape of the obtained nanoplates. In order to study the structure of the as-synthesized 

gibbsite nanoplates, XRD measurement was performed in Figure 3.1.2 (c). The reflections at 

2θ = 18.3º, 20.4º and 30.2º can be assigned to (002), (110) and (004) planes of the gibbsite 

platelets, respectively.  

To help the further growth of MoS2 onto the template and enhance the electronic conductivity 

of the final product, a thin layer of PDA has been coated onto the gibbsite nanoplates. Firstly, 

dopamine monomer can be adsorbed onto the gibbsite surface via electrostatic interactions in 

the Tris buffer solution (pH=8.5). Polydopamine can be then formed through the self-

polymerization of dopamine, involving oxidation of catechol to quinine, followed by 
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polymerization in a manner reminiscent of melanin formation. As shown in Figure 3.1.2 (d), no 

aggregation has been observed after PDA coating and the PDA shell onto the gibbsite 

nanoplates can be distinguished clearly from the TEM images according to the lower contrast 

of PDA. Moreover, the thickness of the PDA coating is about 9 nm and the rough surface is 

related to the fast polymerization speed. There is no change in shape of the nanoparticles after 

the coating of PDA shell, so a well-defined gibbsite-PDA core-shell structure has been obtained.  

 

Figure 3.1.3 (a) (b) (c) TEM images of the gibbsite-PDA-MoS2 nanoplates, (d) (e) TEM images and (f) XRD 

pattern of the gibbsite-PDA-MoS2-PDA nanoplates. 

In the next step, a MoS2 layer is synthesized onto the gibbsite-PDA nanoplates via an L-cysteine 

assisted hydrothermal method. Here, Na2MoO4 and L-cysteine work as Mo and S sources, 

respectively. During the process, L-cysteine decomposes and releases S2- ions, which act as the 

S source and the reducing agent for the formation of MoS2 nanosheets. In addition, functional 

groups (–SH, –NH2 and –COO-) of L-cysteine conjugate with the Mo-containing ions and assist 

the growth of MoS2 nanosheets onto the surface of gibbsite-PDA nanoplates.159, 165-166 TEM 

images of the as-synthesized gibbsite-PDA-MoS2 nanoplates show that the particles are highly 

uniform with the same hexagonal shape as the gibbsite template, and the thickness of the whole 

nanoplates is about 70 nm, indicating that the thickness of MoS2 layer is only 13 nm. The results 

reveal that the MoS2 shell is composed of randomly assembled ultrathin nanosheets and the 
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relatively large open space between MoS2 nanosheets can be clearly observed. In order to 

further improve the electronic conductivity of the material, an additional layer of PDA is coated 

onto the nanoplates. The whole thickness of the gibbsite-PDA-MoS2-PDA is about 85 nm, 

indicating the thickness of the PDA shell outside is about 7.5 nm. The structure of the material 

is then examined by XRD (Figure 3.1.3 (f)). Besides the reflections of gibbsite templates, the 

peaks centered at 2θ = 32.6º and 56.7º correspond to the 100 and 110 reflections of 2H-phase 

of MoS2. 

 

Figure 3.1.4 (a) (b) (c) TEM images and (d) XRD patterns of the hollow carbon-MoS2-carbon nanoplates. 

Normally, nanoparticles will inevitably conglutinate and non-dispersible bulk material forms 

during the high-temperature treatment. To overcome this limit, silica nanocasting technique is 

used before annealing of the nanoplates. After elimination of the silica portion by NH4HF2 and 

gibbsite templates by HCl, discrete and highly dispersed hollow carbon-MoS2-carbon 

nanoplates are obtained. TEM images in Figure 3.1.4 (a) and (b) clearly show that the 

synthesized nanoparticles are highly dispersible and uniformly hexagonal, which is consistent 

with the particle shape of the gibbsite templates. Moreover, as can be seen in Figure 3.1.4 (c), 

the obtained nanoplate has a hollow core with a shell thickness of about 22 nm. For the XRD 

diffraction of the hollow carbon-MoS2-carbon nanoplates, after the etching of the cores, the 
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diffraction peaks of gibbsite disappear totally, with only peaks centered at 2θ = 32.6º and 56.7º 

corresponding to the 100 and 110 reflections of MoS2 observed. In addition, the asymmetric 

shape of the 100 reflection, with a rapid increase on the low angle side and a long tail on the 

high angle side, meets the feature of 2D crystals in XRD patterns.169 The reflection peak at 2θ 

= 14º assigned to the 002 reflection of MoS2 is extremely weak, suggesting that the stacking of 

MoS2 layers along the c-axis is limited to only a few layers.170 In addition, after the high-

temperature treatment, the two peaks of MoS2 become narrower and more obvious in the final 

product, indicating the better crystallinity of the MoS2 after annealing. No peak of carbon was 

detected because of the small amount of carbon in the final product.171 

3.2 Characterization of the hollow carbon-MoS2-carbon nanoplates 

The as-synthesized hollow carbon-MoS2-carbon nanoplates are then characterized with high 

resolution TEM (HR-TEM), Raman spectroscopy, thermogravimetric analysis and nitrogen 

adsorption/desorption.  

 

Figure 3.2.1 (a) and (d) HR-TEM images of the enlarged domain in the hollow carbon-MoS2-carbon nanoplates, 

which indicate the layered structure of MoS2 and graphite-like carbon. (b) (c) and (e) HR-TEM images of the parts 

indicated in (a) and (d). The interlayer distances of MoS2 and carbon in the hybrid nanoplates are 0.63 nm and 0.35 

nm, respectively. 
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To further investigate the details of the local structure, hollow carbon-MoS2-carbon nanoplates 

have been measured by HR-TEM. As shown in Figure 3.2.1 (a) (d) and (e), layered stacking 

nanostructures of MoS2 and graphite-like carbon with several layers can be clearly observed. 

The layered structures of MoS2 and graphitized carbon co-exist at the same time and are 

embedded with each other in the hybrid material with the layer structure of MoS2 uniformly 

distributed in the carbon sheet. Figure 3.2.1 (b) shows few layers of MoS2 with the typical 

interlayer spacing of about 0.63 nm, indexed to the (002) plane of hexagonal phase of MoS2, 

agreeing well with the XRD results. The images indicate that the hollow carbon-MoS2-carbon 

nanoplates maintain the thin-layered structure of MoS2, which will be essential for their 

electrochemical performance. In addition, the graphitic phase of carbon part has the interlayer 

spacing of about 0.35 nm, which agrees well with the previous reports.172-175 The formation of 

graphitic nanostructure originates from the layered-stacking supramolecular structure of PDA, 

which converts to carbon during the high-temperature annealing. 

 

Figure 3.2.2 (a) Photograph of the hollow carbon-MoS2-carbon nanoplates dispersed in water, (b) TGA profile, 

(c) Raman spectra, and (d) nitrogen adsorption/desorption isotherms of the hollow carbon-MoS2-carbon 

nanoplates. The inset shows the pore size distributions obtained using the Barrett-Joyner-Halenda (BJH) method. 
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As the photograph shown in Figure 3.2.2 (a), the as-synthesized hollow carbon-MoS2-carbon 

nanoplates are well dispersed in water, forming a stable colloidal suspension under neutral pH 

condition for more than 24 hours without any sign of precipitation.  Despite no surfactant was 

used to stabilize the nanoplates, the electrostatic repulsion between the surface charged carbon 

coating provides the superior dispersity of nanoplates. The charged state of carbon materials 

from polydopamine can be proved by zeta-potential value in the literature.67 The carbon wt. % 

in the hybrid material is determined by TGA analysis, as shown in Figure 3.2.2 (b). The 

unobvious mass difference up to 100 ºC is caused by the residual water in the product. During 

the measurement, MoS2 is oxidized to MoO3 under O2 flow. The formation of MoO3 from MoS2 

and CO2 from carbon occurs in the same temperature range of 300- 400 ºC, leading to a mass 

loss of 38%. By assuming the final product after 600 ºC is MoO3, the weight fraction of carbon 

in the initial sample is simply calculated to be 31.7%.176 

Figure 3.2.2 (c) shows the typical Raman spectra of the hollow carbon-MoS2-carbon nanoplates 

with a 633 nm laser at room temperature. The two characteristic vibrations of the S-Mo-S 

interaction and movement can be observed, in which the bands at 377 cm-1 and 403 cm-1 

correspond to the in plane E1
2g and out of plane A1

g vibration modes of MoS2, respectively. The 

in-plane E1
2g mode can be assigned to an opposite vibration of the Mo atom with the respect to 

two S atoms, and the A1
g mode is ascribed to the out-of-plane vibration of S atoms along the 

opposite directions.170, 177 The stronger intensity of A1
g peak compared to that of E1

2g is due to 

the fact that the few-layer nature of MoS2 leads to reduced interlayer van der Waals interactions 

which has an obvious increased out-of-plane atom vibration and limited impact on the in-plane 

vibration.176 Moreover, the peaks at 814 cm-1 and 993 cm-1 should be the terminal stretching 

vibration of Mo=O, which results from the exposure to the air of MoS2 during etching or stored 

process.170 Additionally, there are two obvious bands appearing at 1345 cm-1 and 1587 cm-1, 

which correspond to the D band and G band of sp2 carbon, respectively. The D band is 

recognized as disordered band, and G band corresponds to the in plane stretching motion 

between sp2 carbon atoms.178-180 To further understand the porous texture of the hollow carbon-

MoS2-carbon nanoplates, nitrogen adsorption/desorption isotherms have been measured. As 

shown in Figure 3.2.2 (d), a distinct hysteresis loop can be observed with a quasi IV isotherm 

characteristic of mesoporous materials, indicating the existence of a mesoporous structure. The 

BET specific surface area is determined to be 543 m2/g and the total pore volume is 0.677 cm3/g. 

The inset pore size distribution curve shows a narrow peak and the pore size calculated using 

the BJH model shows to be 5.3 nm. 
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Based on the results above, we have successfully synthesized highly dispersible hollow 

sandwich-structured carbon-MoS2-carbon nanoplates by the L-cysteine assisted hydrothermal 

method using gibbsite as the template and polydopamine as carbon precursor. After calcination 

and etching of the gibbsite template, uniform hollow platelets were obtained, which consist of 

a sandwich-like assembly of the partial graphitic carbon and the 2D layered MoS2 flakes. HR-

TEM and Raman measurements indicate that MoS2 and graphitic carbon coexist at the same 

time. The product shows excellent colloidal stability and has a high specific surface area of 543 

m2/g with the pore size of 5.3 nm. 

3.3 Electrochemical performance of the hollow carbon-MoS2-carbon nanoplates in 
supercapacitors 

As mentioned before, the hollow carbon-MoS2-carbon with sandwich structures have unique 

advantages as the electrode material for supercapacitors. (1) The two dimensional hollow 

structure with high specific surface area delivers many active sites for energy storage. (2) The 

final material with the sandwich-like structure has high electronic conductivity to promote 

electrolyte ion diffusion. (3) Void space of the hollow structure can facilitate the mass transport 

and accommodate the volume change. With these merits in mind, the electrochemical 

performance of the hollow carbon-MoS2-carbon nanoplates as electrode material for 

supercapacitors has been investigated. 

3.3.1 Three-electrode performance 

CV measurements in a three-electrode configuration with the hollow carbon-MoS2-carbon 

nanoplates on a glassy carbon electrode as working electrode, a platinum wire as counter 

electrode and an Ag/AgCl in saturated KCl electrode  as reference electrode have been carried 

out to assess the electrochemical stability of the as-synthesized hollow carbon-MoS2-carbon 

nanoplates in 1 M Li2SO4. As following the potential opening approach, the stability window 

has been determined separately in both the negative potential and positive potential. 

Considering the hydrogen evolution at negative electrode and oxygen evolution at the positive 

electrode, the potential window for the system can be determined as -0.9 V to 0.5 V vs. 

Ag/AgCl. The electrochemical properties are further investigated by CV measurements at 

different scan rates with the potential window varied from -0.9 V to 0.5 V vs. Ag/AgCl. With 

the increasing of scan rates, CV curves exhibit rectangular and symmetric shapes, indicating 

ideal capacitive behaviour and desirable high-rate performance. The beginning of the redox 
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peaks can be observed from 0.3 V vs. Ag/AgCl in anodic scan and -0.7 V vs. Ag/AgCl in 

cathodic scan, which is attributed to the decomposition of the aqueous electrolytes.181 

 

Figure 3.3.1.1 (a) Cyclic voltammetry (CV) graphs used to determine the stability window of the hollow carbon-

MoS2-carbon nanoplates in 1 M Li2SO4 at the scan rate of 100 mV/s, (b) CV curves of the hollow carbon-MoS2-

carbon nanoplates in a three-electrode cell in 1 M Li2SO4 aqueous electrolyte at different scan rates. 

3.3.2 Two-electrode performance 

In order to calculate the energy density as well as the power density of the as-synthesized hollow 

carbon-MoS2-carbon nanoplates, a symmetric two-electrode supercapacitor has been 

fabricated. 

 

Figure 3.3.2.1 (a) Nyquist plots measured within frequency range from 20 kHz to 10 mHz, (the inset is the 

equivalent circuit which is employed to fit the impedance spectra, and the dots are measured data and solid line is 

fitting data), (b) the close-up view at the high frequency of the Nyquist plots. 
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Electrochemical impedance spectroscopy (EIS) measurements have been carried out on the 

two-electrode configuration within the frequency range from 20 kHz to 10 mHz to understand 

the ion diffusion of the electrodes (Figure 3.3.2.1). The EIS spectra exhibits two distinct parts 

including a semicircle in the high frequency region indicating the charge transfer process and a 

sloped straight line in the low frequency region corresponding to the diffusion-limited process. 

The equivalent circuit inset in Figure 3.3.2.1 (a) has been applied to fit the measured data. Here, 

R1 represents the internal resistance of the electrolyte, CPEdl and CPEps donate the constant 

phase element involving double layer and pseudo capacitance, while Rct and W correspond to 

the charge-transfer resistance and associated Warburg impedance, respectively. The goodness 

of the fit χ2 and other fitting parameters are given in Table 3.3.2.1. At low frequency, the nearly 

vertical slope shows the Warburg impedance, which represents electrolyte diffusion in the 

porous electrode and proton diffusion in the nanohybrid materials. In addition, the impedance 

data reveal nearly ideal capacitive behaviour influenced slightly by the ion diffusion process 

within the active electrode material. After fitted, R1 and Rct for the studied system is found to 

be 1.5 Ω and 4.7 Ω, respectively, indicating that the as-synthesized hollow carbon-MoS2-carbon 

nanoplates not only exhibit good conductive capability due to the carbon coating, but also 

provide good diffusion of the electrolyte ions into the electrode material.182-183 

Table 3.3.2.1 Fitting data of the Nyquist plots. In the electrical equivalent circuit (in Figure 3.3.2.1), R1 is the 

resistance contributed by electrolyte solution, internal resistance of electrode and contact resistance. CPEdl, Rct and 

W1 are electrical double layer capacitance, the charge transfer resistance and the Warburg resistance, respectively. 

R3 and CPEps represent leak resistance and pseudocapacitance constant phase element, respectively. (Goodness of 

the fit χ2 = 5.8E-5, Sum of square = 0.004) 

Element Value Error Error% 

R1 1.5 0.006 0.4 

CPEdl-T 5.7E-5 2.2E-6 3.8 

CPEdl-P 0.88 0.004 0.4 

Rct 4.7 0.04 0.8 

W-R 1.6 0.1 8.5 

W-T 0.006 0.0006 9.9 

W-P 0.4 0.001 0.2 

CPEps-T 0.01 9.2E-5 0.9 

CPEps-P 0.7 0.003 0.4 

R3 55.13 1.4 2.6 
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To evaluate the electrochemical properties of the hollow carbon-MoS2-carbon nanoplates, CV 

measurements at different scan rates from 0.5 mV/s to 300 mV/s have been performed.  To 

moderate the electrolyte decomposition observed in the preliminary three-electrode results, the 

voltage range here is set to 1.2 V. From the CV curves (Figure 3.3.2.2 (a)), it demonstrates that 

all CV curves are close to symmetrical and quasi-rectangular shapes, indicating the electrical 

double-layer capacitance behaviour of the material. In addition, they also reveal the prominent 

reduction and oxidation peaks arising from the reversible faradaic reaction of MoS2 at 0.6 V 

and 0.8 V. The oxidation/reduction peaks correspond to the valence state changing of Mo atoms 

in the MoS2 layers, which ranges from +2 to +6.150 Additionally, there is a broad hump at 0.8 V 

during charging and a hump at 0.6 V during discharging, attributed to the pseudocapacitive 

behaviour of MoS2. It illustrates that the capacitance of the hollow carbon-MoS2-carbon 

nanoplates is composed of electrical double-layer capacitance and pseudocapacitance. When 

the scan rate reaches 300 mV/s, the CV curves still maintain the symmetrical shape very well, 

suggesting that they possess excellent rate capability. The promising performance can be 

attributed to the fact that the hollow nanoplate morphology ensures the easy diffusion of the 

electrolyte and the conductivity of the nanocomposite is high. Based on the results above, the 

working mechanism based on MoS2 as electrode materials includes three modes58: (i) intersheet 

double-layer charge storage, (ii) intrasheet double-layer charge storage on individual atomic 

MoS2 layers through diffusion into the basal edges, and (iii) faradaic charge transfer process on 

the Mo center, which can exhibit oxidation states of Mo varying from +2 to +6. 

 

Figure 3.3.2.2 (a) CV profiles of the two-electrode system at different scan rates of 0.5-300 mV/s, (b) plot of 

specific capacitance of the material vs. the scan rate. 

The specific capacitance is one important parameter that is widely used to determine the 

performance of supercapacitors. When calculated from CV curves (Figure 3.3.2.2 (b)), the 
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specific capacitance is a function of scan rate, where the values of specific capacitance decrease 

with increasing scan rate. This is due to the insufficient ion diffusion within a constant time that 

may take place at a high scan rate.170, 184-185 The calculated value can reach 215 F/g (0.11 F/cm2 

in areal capacitance) at the scan rate of 10 mV/s in 1 M Li2SO4 electrolyte solution. The high 

specific capacitance is attributed to the hollow nanoplate structure of the hollow carbon-MoS2-

carbon nanoplates, which provides an easy intercalation mechanism of the electrolyte 

in/between the Van der Waals bonded MoS2 layers. The presence of the carbon coating should 

prevent the agglomeration of the MoS2 sheets and improve the conductivity. 

 

Figure 3.3.2.3 (a) Ragone plot of energy density vs. power density of the hollow carbon-MoS2-carbon nanoplates, 

(b) galvanostatic charge/discharge curves of the symmetric supercapacitor at different current densities. 

Table 3.3.2.2 Specific capacitance values of the carbon-MoS2-carbon material in a symmetric supercapacitor at 

different current densities. All values are calculated from the galvanostatic charge/discharge curves. 

Current density (A/g) Specific capacitance 

0.1 248 F/g (0.12 F/cm2) 

0.2 219 F/g (0.11 F/cm2) 

0.5 191 F/g (0.10 F/cm2) 

1.0 178 F/g (0.09 F/cm2) 

The energy density and power density of the system are then calculated from the CV curves. 

The maximum energy density and power density of the material in the symmetric 

supercapacitor are calculated to be 78 Wh/kg and 3806 W/kg, respectively. To further estimate 

the potential application of the material as electrode material for supercapacitors, galvanostatic 

charge/discharge measurements in symmetric two-electrode configurations have been carried 
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out. As shown in Figure 3.3.2.3 (b), the obtained curves display the characteristic triangle shape 

corresponding to the capacitive behaviour, and there is no obvious ohmic potential (IR) drop 

(the voltage drop due to the energy losses) during discharging. Accordingly, the specific 

capacitance values have been calculated and the relationships between the specific capacitance 

and current densities are illustrated in Table 3.3.2.2. It is noted that the maximum specific 

capacitance of the hollow carbon-MoS2-carbon nanoplates can reach 248 F/g (0.12 F/cm2) at 

0.1 A/g. When the current density increases from 0.1 A/g to 1.0 A/g, the specific capacitance 

value decreases from 248 F/g (0.12 F/cm2) to 178 F/g (0.09 F/cm2), showing excellent high 

power capability of the material. 

 

Figure 3.3.2.4 The cyclic performance of the symmetric two-electrode supercapacitor. (Inset is the 

charge/discharge profile of the last five cycles) 

The long-term cycling test at current density of 1 A/g was tested to further investigate the 

cycling stability of the hollow carbon-MoS2-carbon nanoplates. As shown in Figure 3.3.2.4, 

after 3000 charge/discharge cycles, the specific capacitance can keep 85% of the initial value, 

which is a little bit lower than that of hollow carbon nanoplates67. The inferior stability 

performance of the hollow carbon-MoS2-carbon nanoplates can be attributed to the dissolution 

in the electrolyte of a small part of MoS2 material, which can be triggered by dissolved oxygen 

and local pH variations that occur at both electrode and electrolyte interfaces during cycling.186 

Table 3.3.2.3 lists the electrochemical performance of various nanostructured MoS2 materials 

and related carbon materials in aqueous electrolytes from the literature. Significantly, the 

specific capacitance of the hollow carbon-MoS2-carbon nanoplates is higher than that of pure 

hollow carbon nanoplates67, MoS2 nanospheres170 and sponge MoS2
187 and is comparable to the 

2D layered MoS2-rGO hybrids170. When the mass loading of the electrode increases from 0.5 
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mg/cm2 to 1 mg/cm2, the specific capacitance can still remain 163 F/g, which may benefit from 

the following facts. First, the highly conductive carbon layers on both sides of MoS2 act as 

substrate with superb high ways for fast electron transportation and electrolyte ion diffusion 

towards MoS2, which greatly increase the specific capacitance of the supercapacitor. Second, 

the hollow nanoplate structure not only contributes many active sites for energy storage, but 

serve as a reservoir to shorten the ionic diffusion distance to the interior surface, significantly 

contributing to the enhanced energy storage capacitance and long-term electrochemical 

stability. 

Table 3.3.2.3 Summary of the present and reported data of MoS2 or carbon related materials for symmetric 

supercapacitors. The capacitance values are presented per mass of active material, along with the mass loadings 

of the electrodes. 

Sample Binder Electrolyte Mass loading Capacitance Ref. 
2D layered 
MoS2-rGO 

hybrids 
Nafion 1.0 M 

Na2SO4 2 mg/cm2 190 F/g (1 
A/g) 170 

MoS2 hollow 
spheres Nafion 1.0 M 

Na2SO4 2 mg/cm2 97.5 F/g (1 
A/g) 170 

MoS2 sponge 
material PVDF 0.5 M H2SO4 5 mg/cm2 90.1 F/g (1 

A/g) 187 

 
2D exfoliated 
MoS2/CNT 
hybrid ink 

 

Binder 
free PVA-H2SO4 1 mg/cm2 18 F/g (1 A/g) 188 

Hollow 
carbon 

nanoplates 

PIL 1.0 M 
Li2SO4 1 mg/cm2 

84 F/g (1 A/g) 
67 

PVDF 77 F/g (1 A/g) 

Hollow 
carbon-MoS2-

carbon 
nanoplates 

PVDF 1.0 M 
Li2SO4 

0.5 mg/cm2 178 F/g (1 
A/g) This 

work 1 mg/cm2 163 F/g (1 
A/g) 

In conclusion, the as-synthesized hollow carbon-MoS2-carbon nanoplates have been used as 

electrode materials in symmetric supercapacitors with 1 M Li2SO4 as electrolytes. The results 

show that the prepared supercapacitor delivers a high specific capacitance and excellent 

electrochemical stability over 3000 cycles. This emphasizes the fact that such a hybrid 

nanostructure can benefit from the high electronic conductivity of the carbon and the high 

intrinsic electrochemical performance of MoS2. Its well-defined hollow sandwich structure, 

hexagonal shape and colloidal stability make it promising for energy storage, especially in 

aqueous systems.  
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4 Solid electrolyte interphase in “water-in-salt” 
supercapacitors  

As discussed in chapter 3, supercapacitors have attracted considerable interest due to their high 

power density, fast charge/discharge processes and long cycle life.189-190 However, the major 

issue of poor energy density limits their further applications.9, 191-192 According to the theoretical 

calculation formula 𝐸 = 0.5 𝐶𝑉2,9, 193-194 the important parameters for high energy density of a 

supercapacitor are the voltage window and the specific capacitance. Therefore, raising the 

voltage window should be an effective way to improve the energy density. As reported, 

electrochemical voltage window of supercapacitors is defined by the properties of the 

electrolyte solution, i.e., solvent viscosity and bulk electrolyte resistivity, concentration.128, 189, 

195 Classical organic electrolytes for supercapacitors permit to design devices with a cell voltage 

more than 3 V, but they are flammable, thermally unstable and incurring high cost. Instead, 

aqueous electrolytes can solve these concerns, but the hydrogen evolution at the electrode 

surface presents the most severe challenge. In order to solve the problem, a highly concentrated 

electrolyte, 21 m (m: mol/kg) LiTFSI “water-in-salt” (WIS) electrolyte, has been recently 

reported196-203 and been used in supercapacitors. For example, Hasegawa et al.204 reported WIS 

based symmetric supercapacitor using porous carbon monoliths as the electrode, which allows 

charging up to 2.4 V without significant capacitance decay for 10000 cycles. The outstanding 

performance of WIS supercapacitors can be attributed to several reasons. On one hand, the 

water activity is reduced as a result of the super-concentrated salt solution as well as an inner 

Helmholtz layer in supercapacitors, which helps to inhibit water splitting reaction.14, 25, 32, 202, 

205-206 On the other hand, the formation of a passivation layer is proposed to be generated from 

reductive decomposition of electrolyte ions, which further reduces the kinetics of the hydrogen 

evolution reaction in WIS supercapacitors in a similar manner as a solid electrolyte interphase 

(SEI) in non-aqueous electrolyte does.25 

In energy storage systems, solid electrolyte interphase (SEI) forms when an extreme potential 

is applied to maximize the energy output, which is far beyond the thermodynamic stability 

limits of electrolyte components.207-208 This independent passivation phase on electrode 

surfaces transports electrolyte ions at the interface between the electrode and electrolyte but 

also prevents overvoltage.124, 209 In recent years, much attention has been paid on the study of 

SEI in supercapacitors. For example, Choi et al.210 confirmed the formation of a SEI layer in 

hybrid supercapacitors after the charge/discharge by using LiPF6 in Acetonitrile as the 

electrolyte. The results indicated that the SEI was composed of Li4Ti5O12 and LiF. On the 
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contrary, for supercapacitors with aqueous electrolytes such as 1 M Li2SO4 or KOH, SEI can 

not be spontaneously formed because none of the decomposition products from water can 

precipitate in solid state on electrode surfaces and form a protective interphase.207 Instead, in 

WIS supercapacitors, high concentration of the electrolyte suppresses the activity of water 

molecules, which is proposed to enable the formation of a passivation layer from reductive 

decomposition of the electrolyte anions. However, the inadequate observation of this interphase 

layer in WIS supercapacitors requires much more intensive research efforts. 

In addition, the dependence of the performance of supercapacitors on the effective temperature 

range is of substantial practical significance in specific applications. Over the past few years, 

the temperature-relative studies on supercapacitors mainly focus on the dilute aqueous 

electrolytes, such as 0.5 M Na2SO4, 1 M KOH or Li2SO4. For instance, Li et al.211 have 

investigated the effect of temperature on the properties of supercapacitors based on the MnO2 

nanobelt electrode and 0.5 M Na2SO4 electrolyte. The specific capacitance has been observed 

to increase with increasing temperature. Despite these efforts, there is no report on the 

temperature-dependent studies on the electrochemical performance, such as resistance, specific 

capacitance and cycling stability, of supercapacitors based on WIS electrolytes. 

In this chapter, various electrochemical techniques such as cyclic voltammetry (CV), 

electrochemical impedance spectroscopy (EIS) and constant current charge/discharge (CCCD) 

have been used to study the formation of a SEI layer by first in WIS supercapacitors and to 

investigate the effects of temperature on their overall capacitive performance. As reported,67 

hexagonal mesoporous nitrogen-doped hollow carbon nanoplates (HCPs) with a high specific 

surface area and accessible mesopores were introduced in aqueous supercapacitors based on 1 

M Li2SO4 electrolyte and achieved a high double layer capacitance and good cycling stability. 

In this work, HCPs have been applied as the electrode material both in WIS and “salt-in-water” 

supercapacitors. Meanwhile, detailed fitting of impedance data with modified circuit shows that 

a SEI formation occurs during the initial charging process in WIS supercapacitors and keeps 

relatively stable afterwards, which is further evidenced by the X-ray photoelectron spectroscopy 

(XPS) measurement. Subsequently, the effect of temperature on the specific capacitance, 

cycling stability and the formation of SEI layer in WIS supercapacitors have been investigated. 

The fundamental understanding of SEI layer formation and electrochemical behavior at 

different temperatures for WIS supercapacitors provide insights towards the development of 

new generation supercapacitors. 
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4.1 Morphology of the hollow carbon nanoplates 

 

Figure 4.1.1 TEM image of the as-synthesized hollow carbon nanoplates (HCPs). 

In this chapter, HCPs have been chosen as the electrode material for WIS and “salt-in-water” 

supercapacitors, which have high specific surface area of 460 m2/g and fairly accessible 

mesopores (~3.8 nm).67 They were synthesized using PDA as carbon precursor and hexagonal-

shaped gibbsite as template through a silica nanocasting method. As mentioned in chapter 3, 

carbon nanostructures normally conglutinate during the high-temperature annealing and silica 

nanocasting technique is an effective technique to solve this problem. TEM images in Figure 

4.1.1 show that the obtained hollow carbon nanoplates maintain the structural integrity and the 

hexagonal morphology as the template, with the size of approximately 200 nm. Moreover, no 

other amorphous clustered materials are observed. 

4.2 Electrochemical performance of “water-in-salt” and “salt-in-water” 
supercapacitors  

In order to compare the electrochemical performance of WIS (21 m LiTFSI) and “salt-in-water” 

(1 m LiTFSI) supercapacitors, several electroanalytical techniques have been performed. 

Firstly, the stability window of WIS supercapacitors based on HCPs is investigated by CV 

measurements at the scan rate of 50 mV/s. The reduction/oxidation profiles reveal a voltage 

window up to 1.8 V for WIS supercapacitors, above which profiles related to the hydrogen 

evolution are observed. Compared to the conventional “salt-in-water” supercapacitors, the WIS 

system shows an expanded voltage window, as shown in Figure 4.2.1 (b). This is due to the 

suppressed water-splitting issue in the WIS electrolytes. It can be explained by the interionic 

interactive nature of ion-rich WIS interface, leading to the agglomeration/diffusion of ions 
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through several surface layers, which is in good agreement with other concentrated electrolytes 

like ionic liquids.13,19 To obtain the capacitance values of both systems, CCCD measurements 

have been conducted at different current densities of 0.5, 1.0, 2.5, 4.0, and 5.0 A/g in WIS and 

“salt-in-water” supercapacitors. As shown in Table 4.2.1, the gravimetric and volumetric 

capacitance of supercapacitors based on 21 m LiTFSI electrolyte is higher than that based on 1 

m LiTFSI, no matter obtained from the CV curves or charge/discharge profiles.  In order to 

avoid side effects during initial cycles, the charge/discharge profiles are recorded after 20 cycles’ 

activation of supercapacitors. After calculation, the gravimetric capacitance of WIS 

supercapacitors can achieve 86.6 F/g at 0.5 A/g, while that of the“salt-in-water” supercapacitor 

is only 72 F/g. 

 

Figure 4.2.1 (a) CV curves at 50 mV/s with different potential windows of the supercapacitor using HCPs 

electrode and 21 m LiTFSI electrolyte, (b-d) comparison of supercapacitors using 1 m LiTFSI and 21 m LiTFSI 

electrolytes, (b) specific capacitance vs. voltage calculated from CV curves at 20 mV/s, (c, d) charge/discharge 

profiles after 20 cycles’ activation of the supercapacitors. 
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Table 4.2.1 Specific capacitances of supercapacitors based on 21 m LiTFSI and 1 m LiTFSI electrolytes calculated 

from CV curves and charge/discharge curves, respectively. The volumetric capacitance is calculated based on the 

packing density of the active material. 

 
21 m LiTFSI            

(“water-in-salt”) 

1 m LiTFSI 

(“salt-in-water”) 

Voltage window (V) 1.8 1.4 1.4 

Gravimetric capacitance calculated from 

CV (F/g) (20 mV/s) 
90.44 71.58 71.12 

Gravimetric capacitance calculated from 

charge/discharge (F/g) (0.5 A/g, 21st 

cycle) 

86.6 70.36 72 

Volumetric capacitance calculated from 

charge/discharge (F/cm3)                       

(0.5 A/g, 21st cycle) 

133.4 108.35 110.88 

In addition, the cyclic stability of WIS and “salt-in-water” supercapacitors have also been 

measured, as shown in Figure 4.2.2 (b). the WIS cell achieves excellent cycling stability at 1.0 

A/g, delivering a stable gravimetric capacitance retention (92% of  the 21st cycle) after 2000 

cycles, similar to that of the “salt-in-water” cell (93.2% of the 21st cycle). It is clear that the iR 

drop of 21 m LiTFSI systems is higher than that of 1 m LiTFSI ones, indicating the higher 

internal resistance of the WIS supercapacitors. Interestingly, in WIS supercapacitors, the 

galvanostatic voltage profiles during the initial charge show the non-linear shape with extra 

capacitance beyond the conventional non-faradaic storage. However, the discharge curve is 

relatively linear, and the capacitance obtained during discharge is less than the charge 

capacitance, resulting in a limited Coulombic efficiency (63%). This clearly indicates that, next 

to the capacitive charge storage process, non-capacitive and irreversible process(es) occurs 

during the initial charge process of  the WIS supercapacitors, which can probably be the SEI 

layer formation. Up to now, there are various reports that have predicted the formation of SEI 

layer in WIS based energy storage systems. For example, Suo et al.25 demonstrated that in WIS 

electrolytes (21 m LiTFSI), there were two TFSI- anions on average in each Li+ primary 

solvation sheath, and such a high concentration of TFSI- led to a SEI layer dominated by the 

reduction of TFSI-. The SEI layer is rather stable without continuous growth, as indicated from 

the surge of the Coulombic efficiency in the next cycle (90%) and further improvement in the 

following cycles. 
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Figure 4.2.2  (a) The energy density vs. current density calculated from the charge/discharge profiles, (b) cycling 

ability at 1 A/g of supercapacitors using 1 m LiTFSI and 21 m LiTFSI electrolytes (inset is the charge/discharge 

profiles of the first three cycles). 

 

Figure 4.2.3 (a) CV curves at 20 mV/s and (b) charge/discharge profiles with the voltage range of 0-1.4 V of 

supercapacitors based on 21 m LiTFSI electrolyte. 

To further investigate the influence of voltage window on the irreversible processes mentioned 

above, the voltage window is then set to 1.4 V to perform electrochemical measurements for 

WIS supercapacitors. It is worth to note that upon charging to 1.4 V (Figure 4.2.3), the WIS 

supercapacitor shows almost linear charge/discharge voltage curves, characteristic of the EDLC 

behavior of the HCPs electrodes. In addition, the specific capacitances calculated here, 

including gravimetric and volumetric capacitances, are much lower than the values from 1.8 V 

measurements. This clearly indicates that the SEI formation does not take place below the 

voltage of 1.4 V. 
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Figure 4.2.4 Charge/discharge profiles (a) at the same charging and different discharging current densities, (b) the 

same discharging and different charging current densities of supercapacitors based on 21 m LiTFSI electrolyte 

(both measurements were conducted after 20 cycles’ activation). 

Considering that the overpotential can also influence the output capacitance of supercapacitors, 

the current densities of charge/discharge have been changed for different conditions. When 

charging at the same current density but discharging at different ones, shown in Figure 4.2.4 

(a), the gravimetric capacitance (calculated to mAh/g) decreases along the decrease of the 

current density. This is due to the fact that at a lower discharging current density ( 0.05 A/g), 

the overpotential for hydrogen evolution reaction tends to be lower.212 For a specified voltage 

range, the hydrogen evolution becomes more significant with the decrease of the current density, 

resulting in a faster voltage collapse and lower gravimetric capacitance. When discharging at 

the same current density, while charging at different ones (Figure 4.2.4 (b)), the charging 

gravimetric capacitance increases along the decrease of the current density while the 

discharging gravimetric capacitance keeps nearly unchanged. During the charging process, the 

growth of SEI layer takes place, which is irreversible and indicated by the asymmetric shape of 

the charge/discharge curve. The lower current density leads to the lower overpotential, thus 

resulting in the higher charging gravimetric capacitance. 

4.3 Study of the solid electrolyte interphase 
4.3.1 X-ray photoelectron spectroscopy and scanning electron microscopy-energy 

dispersive X-ray spectroscopy elemental mapping 

As discussed before, a SEI layer is proposed to grow in the initial cycles of WIS supercapacitors 

from the CCCD results, which consists of the products from the reduction of TFSI-. The 

formation of a stable SEI layer is considered as being highly protective of the active material 

when a WIS electrolyte is used.206, 213 XPS measurements have been further used to provide a 
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more comprehensive chemical analysis and confirm the existence of SEI on the surface of 

electrodes in WIS supercapacitors. To avoid the disturbance from PTFE binder or conductive 

additives, the samples were prepared by pressing pellets of pure HCPs. As shown in Figure 

4.3.1.1, the XPS spectra of the pristine HCPs has been measured for comparison, where C 1s 

and N 1s serve as a reference, and F- detected comes from the residual NH4HF2 used to remove 

silica. 

 

Figure 4.3.1.1 XPS conducted on pristine HCPs, (a) survey XPS spectrum, (b) C 1s spectra, (c) F 1s spectra and 
(d) N 1s spectra. (e) O 1s spectra and (f) S 1s spectra. 

To detect the formation of SEI layer, the sample has been cycled in WIS supercapacitors at a 

current density of 0.5 A/g for 50 cycles. The symmetric WIS supercapacitor is cycled for 50 

cycles at the fixed current density of 0.5 A/g. Then the electrodes are extracted from the cells, 

washed with ethanol for 2 times and dried under vacuum prior to the measurements. Here the 

negative electrode, which refers to the electrode on which the adsorption of Li+ ions takes place 

when charging, is measured (Figure 4.3.1.2). The most conspicuous change after cycles is the 

decrease of C-C/C=C signals, companied with the increase of C-O-C signals on the cycled 

electrode, which are originated from the reduction of LiTFSI. The decrease of pyridinic N signal 

in the negative electrode also confirms this condition due to the fact that pyridinic N is easier 

to promote the reduction of TFSI- than graphitic N.214 The presence of F detected in the cycled 

electrode comes from two different sources. The first is the residual lithium salt or its partially 

fragmented form, as evidenced by the C-F species. The other is from TFSI- reduction to form 

an SEI structure occurring at the electrode surface, such as simple inorganic salts LiF, which 

agrees well with earlier reports.25 In addition, the appearance of S in the cycled electrode is also 
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from the TFSI- ions in electrolyte. From this on, post-mortem XPS analysis confirms the 

existence of an SEI layer on the surface of the negative electrode in WIS supercapacitors. 

 

Figure 4.3.1.2 XPS conducted on the cycled HCPs after 50 cycles at 0.5 A/g, (a) survey XPS spectrum (inset is 
the charge/discharge profiles of the first three cycles), (b) C 1s spectra, (c) F 1s spectra and (d) N 1s spectra. (e) 
O 1s spectra and (f) S 1s spectra. 

 
Figure 4.3.1.3 SEM-EDS mappings conducted on (a) pristine HCPs, (b) cycled HCPs after 50 cycles at 0.5 A/g. 
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The scanning electron microscopy-energy dispersive X-ray spectroscopy elemental mapping 

(SEM-EDS) (Figure 4.3.1.3) is used to further identify the formation of SEI on HCPs. Besides 

C, N elements same as the pristine material, additional F, O, S elements appear in the cycled 

electrodes, which are originated from the reduction of TFSI- in the electrolyte. The SEM-EDS 

mappings confirm the existence of SEI layer on the surface of the negative electrode in WIS 

supercapacitors. 

4.3.2 Electrochemical impedance spectroscopy measurement 
 

 

Figure 4.3.2.1 Nyquist plots at different voltages during the 1st and 50th CV scans of supercapacitors using (a, b) 

21 m LiTFSI electrolytes and (c, d) 1 m LiTFSI electrolytes. 

To deep study the formation of SEI layer on the HCPs electrode materials in WIS 

supercapacitors based on HCPs electrode materials, an in-situ EIS analysis was further 

conducted during the anodic/cathodic scans of the CV measurement at 20 mV/s. EIS presents 

the signal as a function of frequency at constant potential, which provides useful information 

about interfacial processes of supercapacitors.215 The Nyquist plots at different cell potentials 

of both systems, namely, 0, 0.2, 1.0, and 1.8 V (anodic scan) and 1.6, 1.0, and 0 V (cathodic 
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scan) in the 1st and 50th cycles are presented in Figure 4.3.2.1. All Nyquist plots show a 

semicircle in the high-frequency region, along with a straight line in the low-frequency region. 

To study insight the change of impedance along cycling, several equivalent circuits have been 

tried to fit the data. 

 

Figure 4.3.2.2 Nyquist plots and corresponding fitted curves at open circuit potential of supercapacitors using 21 

m LiTFSI electrolytes (Inset is the enlarged part of the high frequency region and the equivalent circuit). 

The fitting process starts with a simple Randle’s circuit216 consisting a set of resistors and 

capacitors in series and parallel (Figure 4.3.2.2 (a)). In this circuit, the first intersection point 

on the real axis in the high-frequency region provides the value of internal series resistance and 

is represented as Rs. The semicircle in the high-frequency region to mid-frequency is modeled 

by an interfacial charge transfer resistance Rct and the double layer capacitance Cdl. After the 

semicircle, a long tail in the low-frequency region appears, pertaining to the diffusion of ions 

into the bulk of the electrode, represented by the Warburg element Wo.215 Then the double layer 

capacitance is replaced by the constant phase element CPEdl, which takes into account the low-

frequency adsorption processes at/into the microporous electrode surface (Figure 4.3.2.2 (b)). 
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Considering the formation of SEI layer in WIS supercapacitors, a more general approximation 

is tried, in which the external interfacial impedance as well as a resistive film formation with 

Cfilm and Rfilm are added (Figure 4.3.2.2 (c)). In addition, the charge transfer resistance is divided 

into the internal and external parts with Rct1 and Rct2 to further study the internal and external 

charge transfer processes.217 However, the fitting results with the above equivalent circuits are 

undesirable with high chi-squared function values (Table 4.3.2.1-4.3.2.3). 

Table 4.3.2.1 Fitting data of the Nyquist plots at open circuit potential of the 21 m LiTFSI supercapacitor using 

the equivalent circuit in Figure 4.3.2.2 (a). (Goodness of the fit χ2 = 0.03, Sum of square = 4.97) 

Element Value Error Error% 

Rs (Ω) 2.78 0.074 2.68 

Cdl (F) 1.2E-5 5.5E-7 4.5 

Rct (Ω) 13.51 0.58 4.31 

W-R (Ω) 81.75 9.12 11.15 

W-T 1.02 0.01 17.09 

W-P 0.42 5.47 4.52 

Table 4.3.2.2 Fitting data of the Nyquist plots at open circuit potential of the 21 m LiTFSI supercapacitor using 

the equivalent circuit in Figure 4.3.2.2 (b). (Goodness of the fit χ2 = 0.003, Sum of square = 0.41) 

Element Value Error Error% 

Rs (Ω) 2.12 0.03 1.48 

CPE-T (F) 2.66E-4 2.2E-5 8.27 

CPE-P (F) 0.67 0.0086 1.28 

Rct (Ω) 23.2 0.56 2.43 

W-R (Ω) 51.97 2.8 5.4 

W-T 0.58 0.04 7.37 

W-P 0.67 0.0086 1.28 
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Table 4.3.2.3 Fitting data of the Nyquist plots at open circuit potential of the 21 m LiTFSI supercapacitor using 

the equivalent circuit in Figure 4.3.2.2 (c). (Goodness of the fit χ2 = 0.019, Sum of square = 2.57) 

Element Value Error Error% 

Rs (Ω) 2.5 0.056 2.23 

Cfilm (F) 7.87E-6 3.91E-9 4.96 

Rfilm (Ω) 7.37 0.38 5.18 

Cdl (F) 4.55E-5 3.43E-6 7.55 

Rct1 (Ω) 17.89 0.65 3.62 

CPE-T (F) 0.01 2.54E-4 2.57 

CPE-P (F) 0.77 0.01 1.31 

Rct2 (Ω) 286.9 67.15 23.41 

W-R (Ω) 17290 7393.1 42.75 

W-T 4.55 0.21 4.51 

W-P 2.91 0.09 3.1 

Based on it, a modified equivalent circuit218-219 has been used to fit the measured data and to 

provide a description of the electrochemical reaction, in which the interfacial components are 

taken into account (Figure 4.3.2.2 (d)). As shown in the case of the open circuit potential EIS 

spectra, the fitting results match well with the experimental plot as the chi-square function for 

fitting is χ2≈3E-4 and ∆2≈0.05. According to the modified equivalent circuit, the 

electrochemical resistance of the supercapacitors includes the following aspects: (i) ionic 

charge transfers through the electrolyte as well as protective separator, followed by penetration 

into the electrode surface (Rs); (ii) the impedance of infinite thin layer including: charge transfer 

resistance through the passivation layer (SEI) on particle interface (Rct), along with double-

layer capacitance (Cdl); (iii) the adsorption resistance (Rads) depending on charges and associated 

with specific adsorption of charged species in the adsorption layer, accompanied with the “true” 

interfacial capacitance (without adsorption effects) (Cef), adsorption capacitance (Cads) and 

Warburg element (W-R).218-219 
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Table 4.3.2.4 Fitting data of the Nyquist plots at 0 V during the 1st cycle of the 21 m LiTFSI supercapacitor using 

the equivalent circuit in Figure 4.3.2.2 (d). (Goodness of the fit χ2 = 3E-4, Sum of square = 0.05) 

Element Value Error Error% 

Rs (Ω) 2.33 0.015 0.77 

CPE-T (F) 4.4E-4 3.03E-5 6.87 

CPE-P  0.63 0.0066 1.06 

Rct (Ω) 11.77 0.35 2.95 

Cef (F) 5.9E-5 2.2E-6 3.83 

Cads (F) 0.02 2.2E-4 1.03 

Rads (Ω) 5.54 0.1 1.81 

W-R (Ω) 20.87 0.12 0.55 

W-T  0.15 0.005 3.42 

W-P  0.23 0.0041 1.81 

Table 4.3.2.5 Fitting data of the Nyquist plots at 0 V during the 50th cycle of the 21 m LiTFSI supercapacitor using 

the equivalent circuit in Figure 4.3.2.2 (d). (Goodness of the fit χ2 = 2.8E-4, Sum of square = 0.039) 

Element Value Error Error% 

Rs (Ω) 2.33 0.011 0.46 

CPE-T (F) 5.3E-4 1.04E-5 2.0 

CPE-P 0.62 0.0022 0.36 

Rct (Ω) 34.09 0.21 0.62 

Cef (F) 0.0053 1.5E-4 2.86 

Cads (F) 0.032 8.3E-4 2.58 

Rads (Ω) 22.55 1.1 4.86 

W-R (Ω) 10.18 0.15 1.43 

W-T 0.07 0.0017 2.38 

W-P 0.31 0.0035 1.14 
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Table 4.3.2.6 Fitting data of the Nyquist plots at 0 V during the 1st cycle of the 1 m LiTFSI supercapacitor using 

the equivalent circuit in Figure 4.3.2.2 (d). (Goodness of the fit χ2 = 3.2E-4, Sum of square = 0.099) 

Element Value Error Error% 

Rs (Ω) 0.83 0.003 0.37 

CPE-T (F) 1.7E-4 1.19E-5 6.78 

CPE-P 0.75 0.006 0.79 

Rct (Ω) 2.71 0.078 2.84 

Cef (F) 5.1E-5 1.2E-6 2.29 

Cads (F) 0.027 2.4E-4 0.9 

Rads (Ω) 3.8 0.11 2.97 

W-R (Ω) 20.07 1.01 5.01 

W-T 0.12 0.0014 1.18 

W-P 0.25 0.0023 0.94 

Table 4.3.2.7 Fitting data of the Nyquist plots at 0 V during the 50th cycle of the 1 m LiTFSI supercapacitor using 

the equivalent circuit in Figure 4.3.2.2 (d). (Goodness of the fit χ2 = 5.4E-4, Sum of square = 0.17) 

Element Value Error Error% 

Rs (Ω) 0.83 0.0043 0.5 

CPE-T (F) 3.3E-4 2.9E-5 8.79 

CPE-P  0.69 0.0075 1.1 

Rct (Ω) 3.25 0.15 4.66 

Cef (F) 7.24E-5 3.96E-6 5.47 

Cads (F) 0.04 5.48E-4 1.35 

Rads (Ω) 1.48 0.11 7.4 

W-R (Ω) 19.3 1.14 5.93 

W-T  0.19 0.0026 1.37 

W-P  0.25 0.0032 1.28 

 



2020                                                                                                                           Ting QUAN 

68 

 

The Nyquist plots of WIS and “salt-in-water” supercapacitors before and after 50 cycles are 

then fitted with the modified equivalent circuit discussed above (Figure 4.3.2.3). All the 

measured data can be fitted with the equivalent circuit well. The fitting results are listed in 

Table 4.3.2.4-4.3.2.7 and Figure 4.3.2.3. As compared, the WIS supercapacitors show higher 

series resistance Rs and charge transfer resistance Rct than the “salt-in-water” systems, indicated 

by the larger intersection point and radius of the semicircle in Nyquist plots of WIS 

supercapacitors. In addition, there is obvious change after 50 cycles in Nyquist plots of WIS 

cells, revealing the side reactions beyond double layer capacitive behavior there, while the “salt-

in-water” systems show good stability even after 50 cycles. Importantly, there is no shift in the 

transition frequency (24.93 and 62.92 Hz for 21 and 1 m LiTFSI, respectively) of semicircle in 

high–medium-frequency region to the low-frequency region of EIS profiles.  

 

Figure 4.3.2.3 Nyquist plots at 0 V during CV scans of the 1st and 50th cycles of the supercapacitors using 21 m 

LiTFSI electrolyte and 1 m LiTFSI electrolytes, respectively (insets are the enlarged part of the high frequency 

region).  

To obtain all the fitting parameters along cycling, the fitting of the impedance expression 

obtained from the modified equivalent circuit to the experimental Nyquist plots of both systems 

is further performed using EIS data fitting program Zview. Figure 4.3.2.4 indicates the 

variations of the components Rs, Rct, Rads, Cef and W-R during charge/discharge using 21 m 

LiTFSI. The Rct, Rads and Cef in the 21 m LiTFSI system increase gradually during the charging 

process in the first cycle, which can be attributed to the formation of SEI. The interfacial 

capacitance Cef obtained from moderate and low frequencies presents close to the interfacial 

condition of the electrode. The increased value during initial charging reveals more accessible 

sites for charges due to the formation of SEI layer. Moreover, W-R describes the resistance of 
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diffusion-like processes in the low-frequency region. It is observed that the initial values of W-

R in both systems are comparable due to the existence of surface water in both systems. As 

shown in Figure 4.3.2.4 (f), in WIS electrolytes, about 94% of water molecules are coordinated 

with Li-ions, and most of the water will follow the lithium electrosorption isotherm.25, 220 At a 

high concentration (21 m LiTFSI), the reduced water activity leads to the suppressed water 

splitting reaction and an interphasial chemistry dominated by the reduction of TFSI-.221 Based 

on it, the surface water is limited in it. As a result, the surface polarization and diffusion of ions 

onto the surface are much easier, leading to the decrease of W-R values during charging. In 

addition, all values remain relatively unchanged in the following discharge process as well as 

in the 50th charge/discharge, revealing that the SEI formation occurs during the initial charging 

process and keeps relatively stable afterwards, which is consistent with the results of the cycling 

performance as discussed above. 

 

Figure 4.3.2.4 Fitting values with the modified equivalent circuit of (a) Rs, (b) Rct, (c) Rads, (d) Cef, (e) W-R from 

EIS data during CV scans of the 1st and 50th cycles of the WIS supercapacitors and (f) schematic illustration of the 

HCPs electrode–electrolyte interface WIS supercapacitors (the solvation of TFSI- is ignored here). 

The variations of the components Rs, Rct, Rads, Cef and W-R during charge/discharge in “salt-in-

water” supercapacitors have also been represented for a comparison, as shown in Figure 4.3.2.5. 

Overall, in the 1 m LiTFSI systems, the resistances show relatively low values and good 

stability along cycles. The lower resistance Rs than that in the 21 m LiTFSI system can be 

explained by the better ion mobility in the “salt-in-water” system. For the “salt-in-water” 

electrolytes, the charge in the electrolyte is assumed to be drifted by an electric field closer to 

the electrode/electrolyte interface, which produces a depletion region. In such electrolytes, Li+ 
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remains hydrated in its primary solvation sheath with sufficient free water available, which will 

lead to preferential reduction of water. The condition prevents any reduction of TFSI-, thus 

inhibits the formation of SEI layer. As a result, the surface water is much more difficult to be 

removed clearly during the initial cycling, resulting in the nearly unchanged values of W-R. In 

addition, Cef in the 1 m LiTFSI systems keep much lower and relatively stable values, indicating 

the unchanged interfacial phenomenon of the electrodes.  

 

Figure 4.3.2.5 Fitting values with the modified equivalent circuit of (a) Rs, (b) Rct, (c) Rads, (d) Cef, (e) W-R from 

EIS data during CV scans of the 1st and 50th cycles of the “salt-in-water” supercapacitors and (f) schematic 

illustration of the HCPs electrode–electrolyte interface “salt-in-water” supercapacitors (the solvation of TFSI- is 

ignored here). 

4.4 Temperature-dependent electrochemical study 

It is well known that temperature plays an important role in degradation and lifetime estimations 

of optimizing the performance of supercapacitors with respect to their applications, such as in 

the automotive industry. Therefore, it is important to study the influence of temperature on the 

electrochemical performance of supercapacitors. Based on it, an overall electrochemical 

characterization has been carried out to extensively study the properties of WIS supercapacitors 

based on HCPs electrode with respect to changes of temperatures from 15 ºC to 55 ºC. Figure 

4.4.1 (a) shows the CV curves measured at 50 mV/s between 0 and 1.8 V at various 

temperatures from 15 ºC to 55 ºC. As the temperature increases, the CV curve shows less 

deviation from the rectangular shape, indicating its reduced resistance for ionic diffusion. 

Moreover, the WIS supercapacitor delivers a higher gravimetric capacitance with the increase 
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of temperature, which could be mainly contributed from the enhancement of ionic mobility and 

internal conductivity.222-223 Then CV profiles at 20, 50, 100, 200, and 300 mV/s at 15 ºC and 

45 ºC have been further measured to study the temperature dependence of the power and energy 

densities. At a lower temperature (15 ºC), the CV curve drastically deviates from the rectangular 

shape with the increase of the scan rate and results in a smaller enclosed area, i.e., lower 

capacitance, which is caused by the high internal resistance. In comparison, the cell operated at 

45 ºC shows less significant deviations from the rectangular shape and improved capacitances, 

demonstrating the reduction of the internal resistance at an increased temperature. The energy 

density and power density of the WIS supercapacitors are shown in Figure 4.4.1 (d). At 45 ºC, 

the WIS supercapacitor achieves the maximum power density of 3936 W/kg at 300 mV/s, while 

the highest energy density is about 15 Wh/kg at 10 mV/s. In comparison, at 15 ºC the highest 

power and energy density reaches merely 2005 W/kg and 12 Wh/kg, respectively. It is obvious 

that at higher temperature, the energy density and power density are increased.  

 

Figure 4.4.1 (a) CV curves measured as a function of temperature at the scan rate of 50 mV/s, (b, c) CV profiles 

at 15 ºC and 45 ºC with various scan rates from 10 mV/s to 300 mV/s, respectively, (d) Ragone plot of energy 

density vs. power density at 15 ºC and 45 ºC, respectively of supercapacitors using 21 m LiTFSI electrolytes. 
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Figure 4.4.2 (a) Galvanostatic charge/discharge profiles at 1 A/g at various temperatures (insert is the enlarged 

part of the iR drop), (b) specific capacitance vs. temperature calculated from the charge/discharge profiles, (c) 

capacitance retention and (d) Coulombic efficiency along cycling of supercapacitors using 21 m LiTFSI 

electrolytes at different temperatures. 

Table 4.4.1 Calculated results of the capacitance and capacitance retention after 2000 cycles at different 

temperatures. 

Temperature (ºC) 
Gravimetric 
capacitance  

(F/g) 

Volumetric 
capacitance 

(F/cm3) 

Capacitance retention 
after 2000 cycles (%) 

15  87.5 134.75 93.6 

25  95.8 147.53 91.3 

35  106.2 163.55 91 

45  127.9 196.97 87.9 

55  128 197.12 87.9 

 

Figure 4.4.2 (a) shows the charge-discharge curves of the WIS supercapacitors at various 

temperatures from 15 ºC to 55 ºC at 1 A/g. A significant reduction of iR drop during discharge 
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was observed at an elevated temperature, which results from the reduction of the internal 

resistance at higher temperatures. Furthermore, calculated from galvanostatic charge/discharge 

data, the gravimetric capacitances at 15, 25, 35, 45, and 55 ºC are 87.5, 95.8, 106.2, 127.9, and 

128 F/g, respectively, as shown in Figure 4.4.2 (b). The increased capacitance at higher 

temperatures may be caused by the improved charge transport properties of the electrode and 

better kinetics for ion adsorption. Besides, the capacity retentions of the supercapacitors based 

on WIS electrolytes at different temperatures are plotted in Figure 4.4.2 (c) and the detailed 

results were listed in Table 4.4.1. The gravimetric capacitance attenuation of 55 ºC cell is 12.1% 

after 2000 cycles, which is higher than that of the low-temperature cell (e.g., 6.4% at 15 ºC). 

This may be due to the more severe side reactions at high temperatures. In addition, the 

Coulombic efficiency is lower at a higher temperature, especially during the initial cycles, 

revealing that the formation of SEI layer is more active at higher temperatures, as seen in Figure 

4.4.2 (d). 

 

Figure 4.4.3 (a) Nyquist plots at different temperatures of the supercapacitor using 21 m LiTFSI electrolytes, (b-

f) fitted results of Rs, Rct Rads, Cef, and W-R, respectively. 

To further gain insight into the temperature dependence of the performance of WIS 

supercapacitors, the in-situ EIS measurements at different temperatures in WIS supercapacitors 

have also been studied and all the measured data has been fitted by the modified equivalent 

circuit discussed above. Figure 4.4.3 (a) shows the Nyquist plots during heating from 25 ºC to 

60 ºC and followed by cooling to 15 ºC. In the curve at 15 ºC, a semicircle with a large radius 

in a high–medium-frequency region illustrates a large charge transfer resistance, which 
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gradually shifts to a lower value (from ~31 Ω at 25 ºC to ~16 Ω at 60 ºC) during heating, and 

is reversed in the cooling process.  The evolution of the parameters, Rs, Rct, Rads, Cef and W-R 

with the change of operating temperature are demonstrated in Figure 4.4.3 (b)-(f). Overall, all 

the values of resistances significantly decrease and the value of Cef  increases along with the 

increase of temperature during heating from 25 ºC to 60 ºC, and return following the same 

routine during cooling, showing good thermal reversibility of this system. The Rs, Rct, Rads and 

W-R values at 60 ºC are approximately 33.8%, 40.7%, 59.7% and 35.7% of that at 15 ºC, 

exploring much better electronics and ionic conductivities in heated medium. As temperature 

increases, the decrease of Rs resulted from an increase in the conductivity of the electrolyte, 

which means the conductance of the electrolyte becomes much better with the increase of 

operating temperature.224-225 As mentioned above, Rct is composed of charge transfer resistance 

and SEI layer resistance on the electrode side. The overall Rct decreases with increasing 

temperature, which is induced by a decrease in charge transfer resistance between electrode and 

electrolyte.226-228 Rads represents the adsorption of electrolyte ions onto the surface of electrodes, 

which also decreases along the increase of operating temperature. This behavior can be 

alternatively explained by the increase of ionic mobility and faster kinetics for the adsorption 

of ions.229-230 In addition, the value of Cef at 60 ºC is about 1.41 times higher than that at 15 ºC. 

The higher interfacial capacitance confirms the thicker SEI layer at higher temperatures. Note 

that the change of temperature does not lead to any shift in the transition frequency between 

high-medium-frequency region and the low-frequency region of EIS profiles, which always 

occurs at ~24.93 Hz. This phenomenon reveals the excellent thermal stability of the 21 m 

LiTFSI-based WIS electrolyte. 

In conclusion, in this chapter the SEI layer formation and the temperature dependence of the 

overall capacitive performance in WIS supercapacitors have been investigated using hollow 

carbon nanoplates as electrodes. Compared to “salt-in-water” supercapacitors, the scarcity of 

free water molecules contributes to an enhanced voltage window up to 1.8 V and a higher 

specific capacitance 86.6 F/g at 0.5 A/g in the 21st cycle. More importantly, the formation of 

solid electrolyte interphase (SEI) layer in WIS supercapacitors is for the first time evidenced 

by the XPS measurement. In addition, investigated by the EIS technique and fitted by a 

modified circuit, the formation of the SEI layer during initial cycles has been further in situ 

quantitatively estimated in WIS supercapacitors, which is revealed by the increase of charge 

transfer resistance (Rct), adsorption resistance(Rads) and interfacial capacitance (Cef). 

Furthermore, the influence of working temperature on the WIS supercapacitor performance has 
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been systematically investigated within the temperature range of 15 ºC to 55 ºC. With the 

increase of temperature, the specific capacitance increases from 87.5 F/g to 128 F/g, while the 

capacitance retention after 2000 cycles decreases from 93.6% to 87.9%. In addition, the EIS 

measurements have disclosed the increase of the interfacial capacitance (Cef), indicating more 

favorable formation reaction of SEI layer at a higher temperature. In this chapter, we not only 

provide a fundamental study of the SEI layer formation, but also reveal the electrochemical 

performance of the WIS supercapacitors at different temperatures, which helps the efforts on 

the electrolyte selection, effective working temperature and the tailor-design of interphases in 

supercapacitors based on highly concentrated aqueous electrolytes.  
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5 Hollow MoS3 nanospheres as electrode material for 
“water-in-salt” Li-ion batteries 

Among the several types of electrochemical energy storage/conversion technologies for 

portable electronic devices and stationary power plants, rechargeable lithium-ion batteries 

(LIBs) are the most promising candidates due to their relatively high energy density, power 

density, long cycle life and high energy efficiency.231-232 However, their safety issues due to the 

flammable organic electrolyte and the thermal runway caused by the reactivity of the electrode 

materials are still challenging to be solved.4, 16, 233 In addition, the cost of LIBs is relatively high 

due to the special cell assembly technology and the requirement of a strictly dry environment 

during manufacturing process. 

Aqueous rechargeable LIBs are promising alternatives to resolve the above challenges as the 

safety issues and rigorous manufacturing conditions can be avoided.234-235 However, their 

narrow electrochemical stability window (1.23 V), imposed by hydrogen and oxygen evolution, 

severely deteriorates the electrode structure and present safety challenges.19, 236-237 Thus, 

expanding the electrochemical stability window of aqueous electrolytes becomes a fundamental 

issue. Based on that, the develop of “water-in-salt” electrolyte (WISE, a kind of super-

concentrated aqueous electrolyte) has made a significant breakthrough in  doubling 

electrochemical stability window of aqueous electrolyte from 1.5 to 3 V, enabling more choices 

of electrode materials.25 The WISE manages to form a solid-electrolyte-interface (SEI) for the 

first time in aqueous electrolytes by manipulating the structure of a Li+-solvation sheath, which 

enables many Li-ion chemistries that are otherwise impossible.238 Such a wide voltage window 

provides unprecedented flexibility in selecting the cathode-anode electrodes, making it possible 

to apply many electrode materials that are unsuitable in traditional aqueous electrolytes.  

As reported, the electrode material is one of the key factors that influence the electrochemical 

performance of LIBs.239-240 Transition metal sulfides (TMSs) have been widely applied due to 

their high specific capacity and structure merits,159, 241-242 and the graphene-like structure and 

available oxidation valences of transition metal sulfides can provide space for efficient and 

reversible ion storage. As the best known TMSs material, MoS2 has been widely explored for 

LIBs due to the facile Li ion intercalation in the layered structure.243 However, the practical 

applications of MoS2 in LIBs have been limited because of its poor cycle stability and severe 

volume change during charge/discharge. In addition, MoS2 based nanomaterials are usually 

prepared through a hydrothermal method244-245, which is costly and energy intensive. 
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Molybdenum trisulfide (MoS3), which was introduced as an electrode material in LIBs in 

1979,246 has attracted reviving research interest but has rarely been used as electroactive 

materials for LIBs. Compared with MoS2, MoS3 has more inherent superiors as follows: Firstly, 

the molecular structure of MoS3 consists of Mo ions bridged by two ligands, one sulfide and 

one disulfide, yielding the chemical formula of MoⅣ(S2-)(S2
2-) or MoS3.247 The one dimensional 

chain structure has more open sites toward active Li+ storage and thus provides a higher specific 

capacity. Secondly, its amorphous nature has low activation energy barriers toward the 

structural rearrangement during Li+ uptake.76 Thirdly, it has a higher electrical conductivity 

than MoS2 (band gap of <1.5 eV for MoS3 vs. 1.8 eV for MoS2 
53), which improves the electron 

transfer efficiency in LIBs as the electrical conductivity is regarded as a fundamental 

prerequisite to govern a superior electrochemical performance. All the above mentioned 

advantages make MoS3 a promising candidate for battery applications. However, the synthesis 

of MoS3 usually requires more sophisticates and expensive equipment such as sonochemical 

synthesis, laser ablation and magnetron sputtering,51, 248 so it is necessary to exploit a simple 

and environmental friendly method to synthesize MoS3. In addition, MoS3 still remains 

unexplored in aqueous electrolytes based LIBs, which may be limited by the low potential of 

Li ion uptake in MoS3, about 2.0 V vs. Li/Li+,76 at which HER happens in conventional aqueous 

electrolytes.  

In this chapter, hollow MoS3 nanospheres in WIS-LIBs will be investigated. Hollow MoS3 

nanospheres are facilely synthesized using spherical polyelectrolyte brushes (SPB) as carriers 

and templates through an acid precipitation method at room temperatures, as shown in Figure 

5.1.1. The SPB templates are then removed by tetrahydrofuran (THF),249 making the 

preparation simple and scalable. The obtained hollow MoS3 nanospheres can work as the anode 

material in a bistrifluoromethanesulfonimide lithiums (LiTFSI) based WIS-LIB, which has a 

low potential limit of 1.9 V vs. Li/Li+.25 As the lithiation potential of MoS3 is close to the lower 

potential limit of the WISE, it enables the full utilization of the offered electrochemical stability 

window of the WISE, and maximizes the working voltage and thus the energy and power 

density, when paired with an appropriate cathode material (e.g., LiMn2O4 in this work). This 

work also studies the reaction mechanisms of MoS3 in the WIS-LIBs using XRD measurement, 

providing insights in the direction towards its future improvement as well as the development 

of TMSs for aqueous LIBs. 
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5.1 Synthesis of hollow MoS3 nanospheres 

 

Figure 5.1.1 Synthesis procedure of hollow MoS3 nanospheres. 

Recently, SPB has been successfully used as the carrier system to immobilize different metallic 

nanoparticles due to the strong localization of their counterions on the surface.250-251 The SPB 

nanoparticles consist of a polystyrene core (PS), onto which positively or negatively charged 

polyelectrolyte brushes are grafted. Inspired by it, the cationic SPB particles with chains of 

poly(aminoethyl methacrylate hydrochloride) (PAEMH) grafted on PS cores were used as 

template to synthesize hollow MoS3 particles. The anionic MoS4
2- are firmly immobilized in 

the brush layer by electrostatic interactions between the brushes and the ions. In this work, we 

choose the acid precipitation method to synthesize MoS3 nanoparticles because it yields fine 

particles during the reaction. Upon acid being added dropwise, MoS3 precipitated 

homogeneously onto the surface of SPB particles following the reaction: MoS4
2- + 2 H+ = MoS3 

↓+ H2S ↑.247 The MoⅥ is reduced to MoⅣ and formed into the thermodynamically stable Mo(Ⅳ)-

sulfur solid-state compound. Finally, the THF treatment is applied to remove the SPB templates, 

which results in the hollow nanosphere structure. 

The SPB nanospheres used in this work have been prepared in a two-step polymerization. In 

the first step, the polystyrene core is synthesized through an emulsion polymerization with a 

thin layer of the photo initiator 2-[p-(2-Hydroxy-2-methylpropiophenone)]-ethyleneglycol 

methacrylate (HMEM) on the particle surface. The core particles exhibit a hydrodynamic radius 

of 51.3 nm as measured by DLS after cleaning by ultra-filtration. In the second step, a shell of 

polyelectrolyte brushes is grown onto the surface of the nanoparticles by photo-emulsion 

polymerization. From TEM images in Figure 5.1.2 (a) and (b), the SPB nanoparticles show the 

homogeneous nanosphere morphology. Size distribution measurements confirmed the growth 

of the polyelectrolyte shell with the thickness of 218 nm. 
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Figure 5.1.2 (a) (b) TEM images of the SPB nanospheres, (c) (d) TEM images of the SPB-MoS3 nanospheres 

before annealing, (e) (f) cryo-TEM images of the SPB-MoS3 before annealing. 

The coating of MoS3 onto the SPB nanospheres is based on the electrostatic interactions 

between the brushes and the MoS4
2- ions. After the addition of acid, MoS3 precipitates 

homogeneously onto the surface of SPB particles following the reaction: MoS4
2- + 2 H+ = MoS3 

↓+ H2S ↑.247 After cleaning with water for several times, the obtained products can be well 

dispersed without any aggregation, as shown in Figure 5.1.2 (c). Figure 5.1.2 (d) shows that a 

thin MoS3 layer with the thickness around 5 nm has been coated on the surface of SPB 

nanoparticles and the spherical structures are well maintained. In order to further study the 

morphology of SPB-MoS3 nanoparticles in situ, cryo-TEM measurements have been carried 

out by verifying the suspension of the particles. Figure 5.1.2 (e) and (f) show that the MoS3 

nanoparticles are immobilized within the brushes and no free MoS3 particles are observed, 

demonstrating that MoS4
2- precursors are successfully immobilized into the SPB templates and 

no aggregation is observed.  

To prepare the hollow nanospheres, SPB templates are removed via the THF treatment, which 

is a good solvent for PS. The TEM micrographs in Figure 5.1.3 demonstrate that the hollow 

MoS3 nanospheres maintained the spherical morphology after the removal of the SPB 

templates. The hollow structure is evidenced judging from the signification contrast between 
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the shell and the inner part. Additionally, no free residual materials can be found in the medium, 

indicating the high effectiveness of the removal of SPB by THF. 

 

Figure 5.1.3 TEM images of the hollow MoS3 nanospheres. 

5.2 Characterization of the hollow MoS3 nanospheres 

The synthesized hollow MoS3 nanospheres are firstly examined under SEM and TEM. From 

the STEM-based high angle annular dark field (HAADF) imaging and the corresponding 

energy-dispersed X-ray spectroscopy (EDS) elemental mapping, the relative distribution of Mo 

and S within a particle has been mapped out, as shown in Figure 5.2.1 (a)-(c). Both elements 

show very high special correlation with each other and are located within the shell of the particle, 

suggesting the homogeneous chemical composition of MoS3 as well as its uniform distribution 

as a shell in the hollow structure. The amorphous nature of the prepared MoS3 is manifested in 

the diffusion halo rings in its selected area electron diffraction (SAED) pattern. No obvious 

lattice fringes can be observed under the HR-TEM. The SEM image in Figure 5.2.1 (f) reveals 

the homogeneous nanosphere structure of the MoS3 particles and no aggregation is observed. 

Moreover, using wavelength dispersive spectroscopy (WDS), it further reveals the correct atom 

percent ratio of S to Mo in MoS3. No carbon is observed. As listed, the S/Mo ratio is nearly 3, 

which also represents its chemical content in the form of MoS3. All these characterizations 

confirmed the formation of amorphous MoS3 and the successful removing of the SPB core.  
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Figure 5.2.1 Electron microscopic characterization of the hollow MoS3 nanospheres. (a) STEM-HAADF image 

of a hollow MoS3 nanosphere, (b) (c) its corresponding EDS elemental mappings, (d) HR-TEM image, (e) the 

SAED pattern over a large area, (f) SEM image and (g) the WDS spectra of the synthesized hollow MoS3 

nanospheres. 

Multiple spectroscopic characterizations have been carried out to study the structure and 

composition of the synthesized product. The structure of the hollow MoS3 nanospheres appears 

to be amorphous which is attested by the featureless XRD pattern except for a broad and diffuse 

peak at 14 ° as illustrated in Figure 5.2.2 (a), consistent with the SAED results. Figure 5.2.2 (b) 
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displays the Raman spectrum of the final product. The distinctive peaks at  242, 280, 338, 378, 

465 cm-1 are corresponding to the various Mo-S stretches in MoS3, in good agreement with 

literature.252 The oxidation state of Mo and S in MoS3 are investigated by XPS analysis and the 

results are shown in Figure 5.2.2 (c) and (d). The Mo3d3/2 and Mo3d5/2 doublet binding energies 

are located at 232.5 eV and 229.3 eV, which can be assigned to the Mo4+ in MoS3.253 The XPS 

result indicates that the reduction of Mo6+ to Mo4+ is effective by the acid precipitation method. 

The S2p XPS spectrum shows a broad envelop which can be fit to two doublets with S2p3/2 

energies, assigned to the bridging S2
2- and/or apical S2- ligands and terminal S2

2- and/or S2-. The 

doublet at lower binding energy is assignable to terminal disulfide and/or sulfide ligands, while 

the doublet at higher binding energy is assignable to bridging disulfide and/or apical sulfide 

ligands.78 These results demonstrate that MoS3 is successfully obtained. 

 

Figure 5.2.2 Spectroscopic characterization of the hollow MoS3 nanospheres. (a) XRD pattern, (b) Raman 

spectrum, (c) Mo 3d XPS spectrum and (d) S 2p spectrum. 

As shown in Figure 5.2.3 (a), the as-synthesized hollow MoS3 nanospheres present a colloidally 

stable system, with no sign of precipitation at the bottom. The suspension of hollow MoS3 
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nanospheres in water keeps stable after standing over 24 hours at room temperature. To further 

understand the porous texture of the final product, N2 adsorption-desorption isotherms have 

been carried out, as shown in Figure 5.2.3 (b) and (c). The N2 adsorption-desorption isotherms 

clearly demonstrate the mesoporosity of the hollow MoS3 nanospheres. The BET specific 

surface area of 87 m2/g has been determined, which is higher than the reported MoS3 

nanomaterials.254 The pore size distribution curve shows a narrow peak of mesopore size of 

about 5 nm, calculated from the desorption data in terms of the Barrett-Joyner-Halenda (BJH) 

model. 

 

Figure 5.2.3 (a) Photographs of the hollow MoS3 nanospheres dispersion in water, (b) Nitrogen 

adsorption/desorption isotherms and (c) the pore size distribution obtained using the BJH method. 

The above microscopic and spectroscopic characterizations corroborate the formation of 

amorphous hollow MoS3 nanospheres from the simple and scalable acid precipitation method 

with SPB as template. The unique one dimensional chain-like structure of MoS3 is found to be 

distinct from the layered MoS2 and holds special promise for Li+ ion storage. The high specific 

surface area from the hollow nanosphere structure not only delivers more active sites for Li+ 

ions uptake, but also releases the volume change upon repetitive dis-/charge.  

5.3 Electrochemical performance of hollow MoS3 nanospheres in “water-in-salt” Li-
ion batteries 

The obtained hollow MoS3 nanospheres are assembled into “water-in-salt” LIBs to investigate 

their lithium storage performances. Note that the MoS3 hollow spheres demonstrate a high 

specific surface area facilitating ion diffusion, and exhibit a high dispersity and colloidal 

stability in water as indicated above, making it particularly suitable for aqueous battery systems.  

In addition, the lithiation potential of MoS3 is close to the lower potential limit of WISE, which 

enables the maximum working voltage when paired with an appropriate cathode material. 

Considering the following applications, in the first step, hollow MoS3 nanospheres are 
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measured in a three-electrode configuration to determine the working voltage in WISE. Then 

LiMn2O4 is chosen as the cathode material to pair with hollow MoS3 nanospheres to make the 

full cell. In addition, both coin cell type and pouch cell type have been studied for the full cell. 

5.3.1 Three-electrode measurements 

The electrochemical stability window of hollow MoS3 nanospheres in the 21 m (m: mol-salt in 

kg-solvent) LiTFSI electrolyte was measured by CV using MoS3 nanospheres as a working 

electrode, Pt wire as a counter electrode and Ag/AgCl as a reference electrode, respectively. 

The working electrode was prepared by mixing 1 mg hollow MoS3 nanospheres, 190 μL H2O, 

50 μL ethanol and 10 μL 5 wt% Nafion under ultrasonication for 20 minutes to form a 

homogeneous dispersion. Afterwards, 10 μL of the mixture was drop casted on the surface of a 

glassy carbon electrode and was subsequently dried in air. As Figure 5.3.1.1 shows, a stability 

window of ≈3.1 V was achieved, with cathodic limit at -1.2 V (vs. Ag/AgCl) and anodic limit 

at 1.9 V (vs. Ag/AgCl), revealing the high reversibility of the working electrode material. In 

particular, during the scanning, hollow MoS3 nanospheres shows excellent stability and 

compatibility in the concentrated electrolyte, which is attributed to the protective effect of the 

formed SEI. 

 

Figure 5.3.1.1 Cyclic voltammetry curves of the hollow MoS3 nanospheres in a three-electrode configuration in 

21 m LiTFSI aqueous solution at 1 mV/s. 

5.3.2 Two-electrode measurements 

The use of LiMn2O4 as the cathode material is due to that the lithiation/delithiation plateaus of 

it is well inside of the stability window of 21 m LiTFSI electrolyte and can stably cycle in 

“water-in-salt” electrolyte over 1000 times.25 The LiMn2O4/MoS3 mass ratio was set to 2:1 in 
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order to compensate the irreversible capacity at the anode due to formation of SEI during initial 

cycles.28 

5.3.2.1 Electrochemical performance in the coin cell 

 

Figure 5.3.2.1.1 (a) Cyclic voltammetry curve comparison of the LiMn2O4/hollow MoS3 nanospheres cells in 1 m 

and 21 m LiTFSI aqueous electrolytes at 0.1 mV/s, (b) cyclic voltammetry curves at initial cycles at 1 mV/s, (c) 

at different scan rates and (d) the kinetic fitting of the peak current by equation i=avb, where i is the peak current 

density, and v is the scan rate of the LiMn2O4/hollow MoS3 nanospheres cells in 21 m LiTFSI aqueous electrolytes. 

The electrochemical performance of the hollow MoS3 nanospheres in full cell setup is first 

assessed by pairing it with LiMn2O4 in standard 2032-type coin cells. The areal loading of 

hollow MoS3 nanospheres is intentionally kept at ≈1 mg/cm2 for this part of evaluation so as 

to expose its full potential and to allow a relevant comparison with literature results which are 

usually achieved at similarly loadings. 

To compare the working potentials of 1 M LiTFSI and 21 m LiTFSI aqueous electrolytes with 

hollow MoS3 nanospheres as anode materials, cyclic voltammetry (CV) measurements have 

been carried out. Figure 5.3.2.1.1 (a) demonstrates that a significant HER process occurs when 
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the voltage is higher than 1.8 V in 1 m LiTFSI, while no obvious HER peaks can be observed 

up to 2 V when using the 21 m LiTFSI, indicating the suppressed oxygen evolution and higher 

electrochemical stability of aqueous Li-ion batteries when a WISE electrolyte is used. This can 

be attributed to the low fraction of free water molecules32 and the formation of a solid electrolyte 

interphase (SEI).25 In addition, based on the result, the voltage window for the WIS-LIBs based 

on LiMn2O4/hollow MoS3 nanospheres cells in 21 m LiTFSI aqueous electrolytes is set to 0.7 

V to 2 V in the following measurements. Figure 5.3.2.1.1 (b) shows the CV curves at 1 mV/s 

in the initial cycles. There is one broad but distinct redox peak couple of lithiation/delithiation 

after the initial two cycles. In the initial cycles, the cathodic scan (i.e. battery charging) profile 

transforms from a relatively featureless curve at the first cycle to a broad peak at about 1.8 V 

from the fifth cycle, implying an irreversible phase transformation of MoS3 during its lithiation 

at the initial cycles. The cathodic scan profile remains rather stable after 5 cycles, indicating the 

stabilization and reversibility of electrode materials after the initial transformation. Meanwhile, 

an anodic peak can be observed around 1.5 V during battery discharging, corresponding to the 

release of Li-ions from the lithiated product of MoS3 and their insertion into the cathode 

material. Figure 5.3.2.1.1 (c) unveils the CV behavior of the hollow MoS3 nanospheres in WIS-

LIBs at various scan rates from 0.1 mV/s to 1 mV/s in the voltage range between 0.7 V and 2 

V after the electrode activation process. At different scan rates, the CV curves keep their typical 

shape while the peaks shift gradually to a higher voltage during charge and a lower one during 

discharge when increasing the scan rate, indicating a diffusion-controlled battery-type energy 

storage. After log-log calculation of the anodic peak (marked as #), a linear relationship can be 

observed between the scan rate and peak current density (Figure 5.3.2.1.1 (d)). The kinetic 

factor that dominates the reaction can be identified on the basis of b value by fitting the data to 

equation i=avb (i is the peak current density, and v is the scan rate), where b=1 represents a 

surface-controlled reaction, corresponding to capacitive behavior, and b=0.5 represents a 

diffusion-controlled reaction, corresponding to battery-type behavior.255 The b value for the 

anodic peak in the CV curves is 0.74, indicating the contribution from both capacitive and 

battery-type charge storage, where the high specific surface area arising from hollow 

nanostructure facilitates a surface-controlled Li-ion adsorption, while Li-ion storage in the bulk 

part of the active material behaves following a diffusion-controlled reaction. 

Consistent results have also been obtained from galvanostatic charge-discharge experiments at 

the current density of 0.1 A/g. The hollow MoS3 nanospheres in WIS-LIBs have a one-stage 

sloping profile with the plateau ~1.7 V (mid-voltage) during charge and ~1.5 V during 
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discharge, despite that it appears to be more sloped in the initial cycle. The specific capacity of 

the as-synthesized hollow MoS3 nanospheres amounts to 127 mAh/g at 0.1 A/g. These 

observations, together with the differential capacity (dQ/dV) profile (Figure 5.3.2.1.2 (b)) 

recalculated from the voltage profile, are in good agreement with the results of CV (Figure 

5.3.2.1.1 (b)). It supports that MoS3 first undergoes irreversible conversion and then remains 

stable. The detailed reactions during cycling are elucidated and described in the latter part of 

this work. 

 

Figure 5.3.2.1.2 (a) Galvanostatic charge-discharge profiles at different cycles at 0.1 A/g, (b) differential capacity 

(dQ/dV) profile calculated from the cycle 1 and 5 charge/discharge curve of the LiMn2O4/hollow MoS3 

nanospheres cells in 21 m LiTFSI aqueous electrolytes. 

 

Figure 5.3.2.1.3 (a) The cycle life and Coulombic efficiency at 0.1 A/g and (b) at 1 A/g of the LiMn2O4/hollow 

MoS3 nanospheres cells in 21 m LiTFSI aqueous electrolytes. 

Galvanostatic cycling is another means to measure the performance of the material in WIS-

LIBs. As reported, the most rigorous proof of stability does not come from the number of cycles, 

but rather from the time spent by a system at fully charged state as well as from high Coulombic 
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efficiency at low current densities.256 In previous studies, the cycling stability of aqueous LIBs 

was often tactically evaluated at high rates instead of low rates, so that the effect of residual 

hydrogen and oxygen evolution on cycling stability would be less apparent. Based on that, the 

cycling stability of the full cell was evaluated at both low (0.1 A/g, Figure 5.3.2.1.3 (a)) and 

high (1 A/g, Figure 5.3.2.1.3 (b)) current densities for 1000 cycles. The specific capacity of 

MoS3 amounts to 127 mAh/g at 0.1 A/g and 65.1 mAh/g at 1 A/g, respectively, for the first 

cycle. Excellent cycling stability is achieved with a capacity retention of 89 mAh/g and 61.2 

mAh/g in 1000 cycles, corresponding to a capacity decay rate of 0.03 % per cycle and 0.006 % 

per cycle, at 0.1 A/g and at 1 A/g, respectively. Moreover, the initial Coulombic efficiency of 

the cell is merely 70 % and 50 % at 0.1 and 1 A/g, respectively, due to the irreversible phase 

transformation of MoS3 and the formation of solid electrolyte interphase (SEI).30, 206 The 

Coulombic efficiency increases to 90 % after 2 cycles and approaches to ≥99 % afterwards at 

both current densities, revealing that the completion of phase transformation and formation of 

a stable and protective SEI has been achieved within the first two cycles. This is also consistent 

with the CV and cycling voltage profiles. 

 

Figure 5.3.2.1.4 (a) Nyquist plots (measured with frequency range from 20 kHz to 10 mHz) after galvanostatic 

charging/discharging and (b, c) the magnified view at the high frequency range of the Nyquist plots in panel (a). 

The Nyquist plots displayed in Figure 5.3.2.1.4 compare the electrochemical impedance of the 

full cell after different cycles. It can be seen that the material generates a depressed semicircle 

in the high frequency region and a slope in the low frequency region. Firstly, the Nyquist plots 

have an intercept smaller than 15 Ω at the high frequency region related to the electronic 

resistance (Rb) of the electrode, which combines the particle-particle contact resistance, 

electrolyte resistance and the electrode-current collector resistance. Secondly, in the following 

there is a depressed semicircle corresponding to the charge transfer resistance (Rct) associated 

with the Li ion transport at the electrode-electrolyte interface, and a slope line in the low 
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frequency range related to the Warburg resistance which reveals the solid diffusion rate of Li 

ions in the electrode material.257 In this work, after different cycles there is no obvious change 

in Rb, indicating the stable electronic conductivity and structure of the electrode over cycling. 

With the increasing cycles, Rct gradually decreases, revealing the aforementioned electrode 

activation processes and the increasingly facilitated Li ion diffusion into the active material 

during the initial 50 cycles. Based on it, the ionic and electronic transport along the electrode-

electrolyte interface is excellent and the particle-particle contact is still strong even after 50 

cycles, so a kinetic improvement upon cycling is observed. In addition, after 10 cycles, the EIS 

spectra see an emerging depressed semicircle at the high frequency region, which represents 

the presence of an SEI film.258 The SEI film protects the electrode material from further 

parasitic reactions along cycling. The chemical content of the SEI layer may be a LiF-based 

composite, originating from LiTFSI reduction.25 

 

Figure 5.3.2.1.5 Rate capability from 0.05 A/g to 2 A/g of the LiMn2O4/hollow MoS3 nanospheres cells in 21 m 

LiTFSI aqueous electrolytes. 

The promising performance of the hollow MoS3 nanospheres is also reflected by its excellent 

rate capability at various current densities ranging from 0.05 A/g to 2 A/g (Figure 5.3.2.1.5). 

At 2 A/g, MoS3 demonstrates a capacity of 49.7 mAh/g, corresponding to 37 % of the capacity 

at 0.05 A/g. Important to note is that at the highest specific current under study here, the 

charging and discharging process is completed in minutes. Remarkably, a high capacity of 109 

mAh/g can be recovered when the current density is reset to 0.1 A/g, implying that the relative 

lower capacity at a higher current rate is mainly limited by the poor kinetics of Li ion diffusion, 

not the degradation of electrode materials. 
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Figure 5.3.2.1.6 (a) Cyclic voltammetry curves at 1 mV/s, (b) galvanostatic charge-discharge profiles at 0.1 A/g 

and (c) cyclic performance at 0.1 A/g of the LiMn2O4/bulk MoS3 cells in 21 m LiTFSI aqueous electrolytes. 

For comparison, bulk MoS3 nanoparticles are also prepared by the same method without the 

addition of SPB templates. Under the identical test conditions, the bulk MoS3 nanoparticles 

exhibit same redox peaks as hollow MoS3 nanospheres, indicating the change in structures will 

not influence the working mechanism of MoS3 in concentrated LiTFSI electrolyte. However, 

the galvanostatic charge-discharge profiles of the bulk MoS3 in Figure 5.3.2.1.6 (b) appear to 

be more sloped with a much shorter voltage plateau. As a result, a lower specific capacity 

retention over long-term cycling is obtained compared to the hollow structured MoS3, 

specifically, 89 mAh/g for the hollow MoS3 vs. 69 mAh/g for the bulk MoS3 in 1000 cycles at 

0.1 A g-1, though their initial capacities are rather comparable (127.3 and 116 mAh/g, 

respectively, for the hollow and bulk MoS3). Moreover, the Coulombic efficiency of the battery 

with bulk MoS3 increases tardily and reaches 90 % after 30 cycles, which is also limited by the 

kinetics of Li ion diffusion. Such inferior performance originates from the sluggish Li ion 

diffusion in the bulk solid of MoS3 and thus demonstrates the advantages of the hollow 

nanostructure in facilitating ion transport, especially at higher current rates. The results further 
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confirm that the hollow MoS3 nanospheres have better electronic and ionic conductivity than 

bulk MoS3 nanoparticles, which will contribute to the greatly enhanced electrochemical 

performance. 

Table 5.3.2.1 Summary of the present work and recently reported materials in WIS-LIBs. The capacity values are 

presented in per mass of active material. 

Cathode Anode Electrolyte 
Specific capacity 

of anode materials 
(mAh/g) 

Stability Ref. 

LiMn2O4 Mo6S8 LiTFSI (21 m) 
≈147 

(at 0.019 A/g*) 
68 % after 

1000 cycles 25 

LiFePO4 Mo6S8 LiTFSI (21 m) 
110 

(at 0.13 A/g*) 
60 % after 

1000 cycles 238 

LiMn2O4 C/TiO2 LiTFSI (21 m) 
+LiOTf (7 m) 

144 

(at 0.075 A/g) 
78 % after 

1000 cycles 30 

LiNi1/3Co1/3
Mn1/3O2 graphite LiTFSI (5 M) 

+TMP 
118 

(at 0.18 A/g*) 
99 % after 
100 cycles 259 

LiMn2O4 Hollow MoS3 
nanospheres LiTFSI (21 m) 

127 (at 0.1 A/g) 70 % after 
1000 cycles This 

work 
65.1 (at 1 A/g) 94 % after 

1000 cycles 
*: recalculated data based on the reference papers. 

    LiOTf：lithium trifluoromethane sulfonate. 

    TMP: trimethyl phosphate. 

Table 5.3.2.1 lists the electrochemical performance of other reported WIS-LIBs in comparison 

with this work. The hollow MoS3 nanospheres show a high specific capacity with the common 

used WIS electrolyte, which is comparable or superior to the reported electrode materials for 

WIS-LIBs, such as Mo6S8
25, TiO2

30, 238 and graphite259. After long cycling, no matter at a low 

current density or a high current density, the cycling stability of hollow MoS3 nanospheres is 

better than that of the reported materials even with improved electrolytes. 

5.3.2.2 Performance in the pouch cell 

In order to evaluate the actual performance of the hollow MoS3 nanospheres in WIS-LIBs, soft 

packed full LiMn2O4/hollow MoS3 nanospheres LIBs have been assembled using 21 m LiTFSI 

aqueous solutions as electrolytes (Figure 5.3.2.2.1). Rather than using the metal electrical feed-
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through, conductive foil-tabs are welded to the electrodes and brought to the outside in a fully 

sealed way in the pouch cell. They offer a simple, flexible and lightweight solution to battery 

design, in which the stack pressure is recommended. Compared to coin cells, the pouch cells 

can deliver high load currents and can make most efficient use of space and achieve 90-95% 

packaging efficiency. Pouch cells are used in consumer, military and automotive applications.260 

The galvanostatic charge-discharge profiles of the pouch cell in Figure 5.3.2.2.1 (a) are similar 

to that of coin cells, but the achieved capacity, 75 mAh/g at the initial cycle (Figure 5.3.2.2.1 

(b)), is lower, due to the lower compressive stack pressure in the pouch cell. Sufficient 

compressive stack pressure in LIBs is necessary to maintain intimate contact between battery 

components as well as to prevent layer delamination and deformation during operation.261 

Except the first 20 cycles, good cycling stability is achieved for the pouch cell, similar to that 

of coin cells. 

 

Figure 5.3.2.2.1 Electrochemical performance of the WISE-based LiMn2O4/MoS3 pouch cell. (a) Galvanostatic 

charge-discharge profiles, (b) the cycle life and Coulombic efficiency at 0.1 A/g of the pouch cell and (c) 

photograph of the pouch cell.   
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5.4 Working mechanism of MoS3 in “water-in-salt” Li-ion batteries 

From the above measurements, hollow MoS3 nanospheres have been confirmed to have 

enhanced specific capacity, rate capability and cycling stability. However, its working 

mechanism in aqueous LIBs has not been studied. In this part, we will discuss the 

transformation of MoS3 during Li+ ions uptake/release in WIS-LIBs using XRD measurements 

and its structural stability by SEM imaging. 

5.4.1 XRD study on the working mechanism 

 

Figure 5.4.1.1 (a) XRD patterns of the pristine, 1st_charged and 1st_discharged electrode of MoS3 & carbon black, 

(b) normalized XRD patterns of the pristine, 1st_charged and 1st_discharged electrodes of MoS3 & carbon black, 

(c) HR-TEM image (inset: SAED pattern) of MoS3 after initial charging, (d) photograph of a separator extracted 

from the charged cell of LiMn2O4/MoS3 in 21m LiTFSI. 

In order to elucidate the working mechanism of MoS3 in the WIS-LIBs, ex situ XRD 

measurement has been performed on cycled electrodes. In the XRD patterns of the pristine 

MoS3 & carbon black (without a binder) pellet electrode (Figure 5.4.1.1 (a)), a broad hump at 

14° can be observed, arising from the amorphous MoS3. The weak and broad bump at 26º is 

assigned to the carbon black conducting additive in the electrode.258 After initial charging at the 

current density of 20 mA/g, several new and sharp peaks appear in the XRD pattern (Figure 
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5.4.1.1 (a)) while the hump of MoS3 vanishes, indicating the reaction of MoS3 with the 

formation of new phase(s), which is identified as R-3 structure rhombohedral Li2MoO4 (PDF 

#04-008-4637). This is also consistent with high-resolution TEM and SAED in Figure 5.4.1.1 

(c).  The crystalline lattice with a d-space of 0.42 nm in the TEM image can be assigned to the 

(211) plane of Li2MoO4.262 Moreover, it is noted that elemental sulfur is absent in the charged 

electrode, as seen from the separator extracted from the charged battery, which remains white 

and clean (Figure 5.4.1.1 (d)). After discharging, the sharp crystalline peaks disappear and the 

hump at 14° and 26° appears again. 

 

Figure 5.4.1.2 (a) XRD pattern of the 20th_charged, 20th_discharged, 50th_charged and 50th_discharged electrode 

of MoS3& carbon black, all data are absolute, (b) normalized XRD patterns of the 20th_charged, 20th_discharged, 

50th_charged and 50th_discharged electrodes of MoS3 & carbon black. 

Further investigations on structural changes of the electrode materials have been carried out 

after 20 and 50 cycles of the WIS-LIBs. After 20 and 50 cycles, Li2MoO4 remains visible in the 

XRD peaks (Figure 5.4.1.2) of the charged electrodes but its relative intensity gets weaker and 

weaker along cycling. Meanwhile, new crystalline peaks emerge in the XRD patterns of 

charged electrodes, which can be allocated to LiMoO2 (PDF #04-017-0997), LiMo4O8 (PDF 

#00-018-0746) and Li0.924Mo6O17 (PDF #01-080-5722), as shown in Figure 5.4.1.2. The XRD 

peaks at 23° (in all XRD patterns after 20 and 50 cycles), 29.45° and 30.5° (in the charged 

electrode after 50 cycles) are yet identified. Moreover, similar to the first cycle, the crystalline 

peaks of the discharged electrodes after 20 and 50 cycles are greatly reduced in intensity while 

the broad humps at 14° and 26° reappear. The results indicate the appearance of new phases 

during cycling accompanied with the consumption of the Li2MoO4 composition. 

After cycling in the potential window from 0.7 V to 2 V, the ex situ XRD analysis on hollow 

MoS3 nanospheres electrodes reveals phase transformation of the anode materials compared to 

the pristine state. The overall electrochemical process is illustrated in Figure 5.4.1.3. During 
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the initial charging process of the WIS-LIB, amorphous MoS3 is converted to Li2MoO4 together 

with the evolution of H2S (a-MoS3 + 2Li+ + 2OH- + 2H2O → Li2MoO4 + 3H2S↑). For charge 

balance, this reaction is accompanied with HER (2H+ + 2e- → H2↑). On subsequence discharge 

from 2 V to 0.7 V, considering that the conversion from MoS3 to Li2MoO4 (with H2S evolution) 

is apparently irreversible, the delithiated phase(s) upon discharge is identified as amorphous Li-

deficient Li2-xMoO4 or MoOz, but the exact chemical composition is yet known. Along cycling, 

the repetitive de-/lithiation reaction results in the formation of crystalline LixMoOy phase at 

charged state and amorphous Lix-mMoOy/MoOz upon discharge. Moreover, degradation 

happens to LixMoOy along cycling, and the ratio of O to Mo in LixMoOy gradually reduces 

from 4:1 to 3:1 and 2:1. The oxygen-less phases appear to be more stable and reversible during 

dis-/charge judging from the increasingly improved Coulombic efficiency over cycling. Despite 

the irreversible transformation of MoS3 in WIS-LIBs and the gas evolution of the electrolyte, 

the MoS3 based WIS-LIBs still exhibit enhanced cycling stability and rate capability compared 

with the performance of MoS3 in organic electrolytes based LIBs73, 77, 263. The outstanding 

performance is due to the high ionic conductivity of the aqueous electrolyte. 

 

Figure 5.4.1.3 Schematic illustration of the working mechanism of MoS3 in the WIS-LIBs. 

It is noted that during cycling in WIS-LIBs, MoS3 tends to irreversibly convert to LixMoOy.  It 

stimulates us to study the behaviors of Li ion insertion in MoOz. In this work, we compared the 

performance of MoS3 and MoO3 (both in bulk), among which MoO3 was synthesized by 

annealing MoS3 in air, as anode material in the WIS-LIBs. In the CV curves of MoO3 based 
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WIS-LIBs (Figure 5.4.1.4 (a)), there appears a pair of humps in the initial cycle, which are 

assigned to the insertion/desertion of Li ions in the material. With continuous scanning, the two 

humps become weaker and weaker, indicating the poor reversibility. The initial specific 

capacity of bulk MoO3 is merely 62.1 mAh/g (Figure 5.4.1.4 (b)), which is much lower than 

that of bulk MoS3 (116 mAh/g, Figure 5.3.2.1.6 (b)). Moreover, MoO3 presents a rapid capacity 

fading in the following cycles, showing a worse cycling stability compared to that of MoS3. 

The superior performance of MoS3 can be attributed to its one dimensional chained structure 

facilitating active Li+ ion storage during the electrochemical reaction. Moreover, MoO3 suffers 

from the dissolution of Mo ions in aqueous electrolytes, which leads to the loss of active 

materials and thus low capacity retention over cycling.264  

 

Figure 5.4.1.4 (a) Cyclic voltammetry curves at 1 mV/s, (b) galvanostatic charge-discharge profiles at 0.1 A/g and 

(c) cyclic performance at 0.1 A/g of the LiMn2O4/bulk MoO3 cells in 21 m LiTFSI aqueous electrolytes. 

It is worth to note that the ex situ XRD results of the MoS3 based WIS-LIBs, HER, which is 

supposed to be absent considering the wide electrochemical stability window of the WISE, still 

occurs. This fact may be attributed to the catalytic behavior of MoS3 in promoting HER in water 

splitting systems.253, 265 The detailed catalytic mechanism of MoS3 in HER in the WIS-LIBs is 
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out of the scope of this chapter. The HER process is undesired and increases the safety concerns 

during battery charging. Therefore, it is of significant relevance to suppress the HER process, 

e.g., by reducing the charging cutoff-voltage. Based on it, CVs of the MoS3 based WIS-LIBs 

with decreasing upper voltage limit stepwise from 2.0 V to 1.6 V have been measured (Figure 

5.4.1.5). It shows that the characteristic HER-associated cathodic profile and the corresponding 

anodic peak at ~1.5 V remain distinct in the CV plots when the upper voltage limit is set to 1.9 

V and 1.8 V. Such characteristics vanish when the voltage is limited to ≤ 1.7 V. However, it 

shows a typical capacitive storage curve and the current response is considerably lower when 

compared to the performance from 0.7 V to 2 V. 

 

Figure 5.4.1.5 Cyclic voltammograms at 1 mV/s with the voltage ranges from 0.7 V to 2 V, 1.9 V, 1.8 V, 1.7 V and 

1.6 V, respectively. 

In order to confirm the capacitive behavior of the MoS3 based WIS-LIBs with the voltage range 

of 0.7 – 1.6 V, XRD measurement has been performed on the MoS3 electrode when the battery 

is charged to 1.6 V. It is clear that there is no obvious peaks on the XRD pattern of the charged 

electrode, indicating absence of phase transformation at the voltage of 1.6 V. In addition, as 

shown in Figure 5.4.1.6 (b), the achieved capacity charge to 1.6 V is extremely low (8.4 mAh 

g-1 at the first cycle), which is far below that of 2 V (127 mAh g-1), which is due to the simple 
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capacitive working mechanism here. Thus, the HER process can be suppressed by lowering the 

charging cutoff voltage, but the battery type working mechanism of MoS3 materials will not be 

fully applied, which results in the greatly sacrificed achieved capacity. To avoid gas evolution 

in practical applications, pre-lithiation of MoS3 (with the conversion to LixMoOy) may be 

considered.  

 

Figure 5.4.1.6 (a) The XRD pattern of the electrode of the hollow MoS3 nanospheres after charging to 1.6 V, (b) 

cycling performance at 0.1 A/g between 0.7 V and 1.6 V. 

5.4.2 Morphology study on the electrodes 

The structural stability of the hollow MoS3 nanospheres after cycling in WIS-LIBs has also 

been examined by post-mortem SEM characterization as shown in Figure 5.4.2.1. The hollow 

MoS3 nanospheres keep well-integrated with the conductive agent after 400 cycles, without any 

evident structural deformation and crack observed in the cycled electrode. Meanwhile, the 

MoS3 nanoparticles still remain their typical morphology and no structure collapse or 

aggregation can be found. Such structural integrity results in a low and stable electrical 

resistance, leading to the battery cycling stability. The excellent performance of the hollow 

MoS3 nanospheres in the WIS-LIBs can be ascribed to the following features. (a) The hollow 

nanosphere structure and the one dimensional chained molecular structure of MoS3 deliver 

many open sites toward Li+ ion storage during the electrochemical reaction. (b) The hollow 

nanostructure is effective to relieve the structural strain from the repeated uptake/release of Li 

ions and thereby to prolong its cycle life. 
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Figure 5.4.2.1 Post-mortem characterization on cycled MoS3 electrodes. (a) and (b) SEM images of the pristine 

electrode, (c) and (d) SEM images of the electrode after 400 cycles. 

In this chapter, we demonstrate that MoS3, an amorphous chain-like structured transitional 

metal trichalcogenide, is promising as anode in the WIS-LIBs. The hollow MoS3 nanospheres 

are synthesized via an acid-induced precipitation method using spherical polyelectrolyte 

brushes as the template. When applied in WIS-LIBs, the hollow MoS3 nanospheres achieve a 

high specific capacity of 127 mAh/g at the current density of 0.1 A/g and excellent stability 

over 1000 cycles. During battery operation, MoS3 is converted to Li2MoO4 in the initial Li+ ion 

uptake, and then gradually to a more stable and reversible LixMoOy phase along cycling. The 

discharge product appears to be amorphous Li-deficient Lix-mMoOy/MoOz. Nevertheless, MoS3 

outperforms MoO3 in WIS-LIBs, which could be accredited to its initial one-dimensional 

molecular structure and the amorphous nature of the delithiated product. The results break new 

ground for the preparation of metal sulfides/oxides with controlled nanostructures using 

template based methods and will push forward the development of metal sulfides in aqueous 

energy storage as well as conversion systems. 
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6 Summary 

This thesis focuses on the study of high-performance hollow MoSx based electrode materials 

for aqueous energy storage systems, including supercapacitors and Li-ion batteries. Novel 

hollow MoSx nanoparticles have been synthesized using sacrificial templates through colloidal 

methods. High specific capacitance/capacity and stable cycling performance have been 

achieved for energy storage, and electrochemical analysis has been performed to provide insight 

into the reaction mechanisms. 

MoS2, a typical layered TMD, is promising as an electrode material for supercapacitors. 

However, its low electrical conductivity leads to limited capacitance if applied in aqueous 

electrochemical devices. To overcome this problem, in the first part of this thesis, highly 

dispersible hollow sandwich-structured carbon-MoS2-carbon nanoplates have been synthesized 

through an L-cysteine-assisted hydrothermal method by using gibbsite nanoplates as template 

and PDA as the carbon precursor. After calcination and etching of the gibbsite template, uniform 

hollow MoS2 platelets have been obtained, which are coated by partial graphitic carbon. The 

presence of a partial graphitic carbon coated on both sides of the MoS2 nanoplate has improved 

the electrical conductivity and dispersibility of the hybrid material. When applied in 1 M Li2SO4 

based symmetric supercapacitors, the active electrode material exhibits nearly ideal capacitive 

behaviour. The hollow structure not only provides more active sites for energy storage, but 

prevents volume change during the charge/discharge process, which contributes to a high 

specific capacitance of 248 F/g at a constant current density of 0.1 A/g and good electrochemical 

stability over 3000 cycles. The maximum energy density is calculated to be 78 Wh/kg, which 

is comparable to other MoS2-based electrode materials in supercapacitors.  

In the second part of the thesis, “water-in-salt” (WIS) electrolyte (a highly concentrated aqueous 

solution) has been applied for supercapacitors using hollow carbon nanoplates (HCPs) as the 

electrode material. The high compatible system with 21 m LiTFSI as the electrolyte shows an 

enhanced working potential from 0 to 1.8 V with superior performance when compared with 

that of 1 m LiTFSI design. In addition, the formation of solid electrolyte interphase (SEI) during 

the initial cycles in WIS supercapacitors has been investigated by the EIS technique as a 

fundamental and trustworthy approach. According to the fitting results, the growth of SEI layer 

on the surface of electrode materials have been observed and studied. The SEI formation is 

further supported by the XPS measurement. Furthermore, the influence of working temperature 

on the performance of supercapacitors using 21 m LiTFSI electrolyte has been systematically 
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reviewed in a temperature range from 15 ºC to 55 ºC. All resistance parameters are decreased 

along with the increase of temperature and reverse following the same routine during cooling, 

showing good thermal reversibility of the system. In addition, the EIS measurements have 

disclosed the increase of the interfacial capacitance (Cef) at a higher temperature, indicating 

more favorable formation of SEI layer. 

Inspired by it, WISE has been further used in Li-ion batteries with hollow MoS3 nanospheres 

as the anode material. The hollow MoS3 nanospheres are synthesized via an acid-induced 

precipitation method using spherical polyelectrolyte brushes as the template. We have also, for 

the first time, assessed the capability of MoS3 as electrode material in WIS-LIBs, which have 

achieved promising electrochemical performance with a considerable specific capacity (127 

mAh/g) and excellent stability over 1000 cycles. During the operation in WIS-LIBs with 

LiMn2O4 as the cathode material, MoS3 is converted to Li2MoO4 in the initial Li+ ion uptake, 

and then gradually to a more stable and reversible LixMoOy phase along cycling. The discharge 

product appears to be amorphous Li-deficient Lix-mMoOy/MoOz. This part demonstrates the 

working mechanism of MoS3 in the WIS-LIBs and will push forward the development of MoSx 

for aqueous energy storage applications. 

In summary, this thesis studies novel hollow MoSx nanomaterials with excellent performance 

for aqueous energy storage applications, and looks insight into the working mechanisms of WIS 

systems, which show great potential towards the development of MoSx materials in high 

energy-density aqueous supercapacitors and LIBs. 
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7 Experimental 

7.1 Chemicals and materials 

Aluminum isopropoxide (AIP), tetraethyl orthosilicate (TEOS), 3-hydroxytyramine 

hydrochloride (dopamine), aluminum sec-butoxide (ASB), ammonia, polyvinylpyrrolidone 

(PVP, 40,000 g/mol), tris(hydroxymethyl) aminomethane (Tris), ammonium hydrogen 

difluoride (NH4HF2), lithium sulfate monohydrate (Li2SO4•H2O), polyvinylidene fluoride 

(PVDF), Nafion (117), sodium molybdate (Na2MoO4,), L-cysteine, HCl (37%), 2,2’-azobis(2-

amidinopropane)dihydrochloride (V50, 98 %), ammonium tetrathiomolybdate ((NH4)2MoS4), 

cetyltrimethylammonium bromide (CTAB), tetrahydrofuran (THF), poly(tetrafluoroethylene) 

(PTFE, 60 wt% dispersion in H2O), bistrifluoromethanesulfonimide lithium (LiTFSI), water 

(HPLC grade), and 1-methyl-2-pyrrolidinone (NMP) were obtained from Sigma-Aldrich and 

used as received. 2-Amino-ethylmethacrylate hydrochloride (AEMH, 90%) was purchased 

from Polyscience. Lithium manganese oxide (LiMn2O4) was received from MTI Corporation. 

Carbon black (Super P) was obtained from Alfa Aesar. Ethanol (absolute) was purchased from 

VWR. Styrene (BASF, 99 %) was destabilized by Al2O3 column and stored in a refrigerator 

before use. 2-[p-(2-Hydroxy-2-methylpropiophenone)]-ethyleneglycol methacrylate (HMEM) 

was used as the photo-initiator to graft the brushes on the polystyrene (PS) cores. Milli-Q water 

with a resistivity 18.2 MΩ•cm at 25 ºC and a TOC˂5 ppb was used in all preparations except 

electrolytes. Aqueous electrolytes were prepared by dissolving electrolyte salts in water with 

HPLC grade and stirring for 24 hours. 

7.2 Synthesis procedure 
7.2.1 Hollow carbon-MoS2-carbon nanoplates 
7.2.1.1 Synthesis of gibbsite nanoplates 

The synthesis of gibbsite nanoplates was referred to the literatures.168, 266 In a typical run, 0.12 

mol ASB and 0.12 mol AIP were dissolved in 1.5 L water and then 11 ml HCl (37%) was added 

to acidify the solution.  After mechanically stirring for 10 days (150 rpm), the turbid solution 

was transferred into a polypropylene bottle and heated in a water bath at 85 ºC for 3 days.  

After cooling down, the suspension of the gibbsite nanoplates was cleaned by dialysis as 

schematically shown in Figure 7.2.1.1.1. Firstly the regenerated cellulose tube (MWCO 14 000) 

was placed in Milli-Q water to soak for 15 min prior to use in order to soften it for handling. 

The water was changed every day. The stirring of the cellulose tube was monitored by the 

electric rotator. Dialysis was stopped until the conductivity of the serum was below 20 μS/cm. 



2020                                                                                                                           Ting QUAN 

104 

 

In the last step, the gibbsite particles in the colloidal dispersion were precipitated by 

centrifugation (1200 g, 20 h) and the sediment was dispersed in water. The final gibbsite 

dispersion with the concentration of 4.0 wt% was stored in a polypropylene bottle for further 

characterization and use. 

 

Figure 7.2.1.1.1 Schematic dialysis setup for the purification of nanoparticles. 

7.2.1.2 Synthesis of PDA coated gibbsite nanoplates 

The coating of PDA onto the gibbsite nanoplates was conducted by a self-oxidation 

polymerization method. Briefly, 1.25 ml gibbsite dispersion (4.0 wt%) was dispersed in 100 ml 

Tris buffer solution (10mM, pH 8.5). Under constant ultrasonication at 37 kHz (Elmasonic 

P120H, Elma Schmidbauer GmbH, Germany), 50 mg dopamine was added into the solution 

and the ultrasonication was continued for 2 h to avoid the aggregation of particles. During this 

process, the temperature of water in the sonicating bath was kept below 35 ºC. The white 

suspension gradually turned to black during the self-oxidation polymerization process. After 

stirring overnight, the final product was washed several times with water by centrifugation at 

8000 rpm for 30 minutes until the supernatant remained colourless. 

7.2.1.3 Synthesis of gibbsite-PDA-MoS2 nanoplates 

The synthesis of MoS2 was realized by an L-cysteine-assisted hydrothermal method in the 

presence of the nanoplates.159, 165 In a typical synthesis, the synthesized gibbsite-PDA 

nanoplates were dispersed into 100 ml water and Na2MoO4 was added into the solution under 

stirring. After two minutes’ stirring at room temperature, L-cysteine was added and sonicated 

for 30 minutes. After that, a certain amount HCl (37%) was added drop by drop under stirring 

until the pH of the solution was adjusted to the desired value. The above solution was transferred 

to a 120 ml Teflon-lined autoclave which was sealed. A hydrothermal process was induced by 
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heating the autoclave in the oven at 200 ºC for 24 hours and naturally cooled down to room 

temperature. The resulted suspension was centrifuged at 8000 rpm for 30 minutes to collect the 

nanoplates and washed several times with water. In order to obtain nanoparticles with desirable 

morphologies, the experiments were performed under various conditions (Table 7.2.1.3.1). 

After comparison, resulted nanoparticles in Condition 1-4 are aggregated in water solutions. 

Most of the MoS2 nanoparticles synthesized in Condition 6 and 7 are not successfully coated 

onto the templates. Based on this, for the further synthesis, following conditions were used: the 

amount of Na2MoO4 and L-cysteine were 0.121 g and 0.303 g, respectively, and the pH was 

adjusted to 2.3 by adding a certain amount of HCl (37%) into the 100 ml water solution. 

Table 7.2.1.3.1 Amount variation of Na2MoO4 and L-cysteine and the pH value for the synthesis of MoS2. 

No. Na2MoO4 (g) L-cysteine (g) pH H2O (ml) 

1 0.121 0.303 1 100 

2 0.121 0.303 1.5 100 

3 0.121 0.303 2 100 

4 0.0605 0.1515 1 100 

5 0.121 0.303 2.3 100 

6 0.242 0.606 2.3 100 

7 0.1815 0.4545 2.3 100 

7.2.1.4 Synthesis of gibbsite-PDA-MoS2-PDA nanoplates 

A thin layer of PDA was coated onto the gibbsite-PDA -MoS2 nanoplates with the same PDA 

deposition step as described above. 

7.2.1.5 Synthesis of gibbsite-PDA-MoS2-PDA-silica gel 

A silica nanocasting process was applied to avoid the aggregation of nanoplates during high 

temperature calcination. 1.14 ml HCl (37%) was added into 100 ml of gibbsite-PDA-MoS2-

PDA nanoplates dispersion (4.5 g/L) under vigorous stirring. After 10 minutes’ stirring followed 

by 10 minutes’ ultrasonication, 8.56 ml TEOS was added in portions under the liquid surface 
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of the vigorously stirred solution during 30 minutes. The reaction was run overnight at room 

temperature and then the mixture was freeze-dried afterwards. 

7.2.1.6 Synthesis of hollow carbon-MoS2-carbon nanoplates 

Calcination was performed at 700 ºC for 3 hours (heating rate: 2 ºC/min) under argon to convert 

PDA to carbon. After cooling down to room temperature, the products were firstly treated by 

an aqueous solution of 4 M NH4HF2 for two weeks to remove silica. After that, the dispersion 

was carefully cleaned with water for several times and the collected nanoparticles were then 

dispersed in HCl (37%) for another two weeks to remove the gibbsite templates.  During the 

process, the centrifugation, decantation and re-dispersion process were carried out every day to 

change the NH4HF2 solution and HCl. The desired products were obtained by washing with 

water for several times and were freeze-dried before further use. 

7.2.2 Hollow carbon nanoplates 

Hollow carbon nanoplates were synthesized through the silica-nanocasting method according 

to the literature.67 The detailed synthesis process is described as follows. 

7.2.2.1 Synthesis of hollow silica nanoplates 

Gibbsite nanoplates with silica coating were prepared according to the modified Stöber method. 

In a typical run, PVP water solution was prepared by adding 50 g PVP into 500 ml water and 

stirring for 3 hours to obtain the transparent solution. Then 25 ml gibbsite dispersion (4 wt%) 

was added into the PVP water solution to prepare the PVP-stabilized gibbsite nanoplates. The 

mixture was kept under stirring at 500 rpm for 24 hours and the particles were collected by 

centrifugation at 500 g for 20 hours. The sediment was then redispersed in 794 ml ethanol via 

ultrasonication (37 kHz) and mechanical stirring (150 rpm). Under constant ultrasonication and 

stirring, 46 ml ammonia (30%) (300 ml/h) and 1.4 ml TEOS (9 ml/h) were injected slowly  into 

the mixture at the same time. Afterwards, ultrasonication was kept for another one hour. The 

reaction lasted for 6 hours under mechanical stirring. The suspension was centrifuged at 8000 

rpm for 30 minutes to collect the products and cleaned with ethanol twice and followed with 

water for three times. Gibbsite templates were then etched away by keeping the nanoparticles 

in concentrated HCl (37%, 300 ml) for one month. HCl was changed once a week by 

centrifugation at 8000 rpm. After eventual removal of the gibbsite cores, hollow silica 

nanoplates were washed several times with water by centrifugation at 8000 rpm for 30 minutes 

until the pH reached neutral. 
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7.2.2.2 Synthesis of hollow silica-PDA nanoplates 

The coating of PDA onto hollow silica nanoplates was conducted by self-oxidation 

polymerization of dopamine as described before. 10 mM pH 8.5 Tris buffer was firstly prepared 

by adding 2.42 g Tris in 1.8 L water and a certain amount of HCl (37%) to adjust the pH to 8.5. 

After vigorous stirring, the solution was transferred to a 2 L volumetric flask and the volume 

was set to 2 L by adding water for further use. In a typical run, the hollow silica nanoplates 

collected in the last step were dispersed in 280 ml 10 mM Tris buffer (pH 8.5) under stirring. 

Then under constant ultrasonication, 0.14 g dopamine was added into the solution and 

ultrasonication was applied for another 2 hours to avoid aggregation of the particles. After 

stirring at 300 rpm overnight, the nanoparticles were collected by centrifugation at 8000 rpm 

for 30 minutes and cleaned with water for three times until the secondary PDA particles were 

totally removed. The synthesis process was repeated once more to make the coating of PDA to 

a certain thickness. 

7.2.2.3 Synthesis of hollow carbon nanoplates 

To avoid aggregation of nanoplates during high temperature treatment, silica nanocasting 

technique was applied here. 80 mg hollow silica-PDA nanoplates were dispersed in 20 ml water 

and 2 ml of HCl (0.1 M) was added under stirring (300 rpm). After 10 minutes’ stirring followed 

by 10 minutes’ ultrasonication (37 kHz), 15 ml TEOS was added in portions with pump under 

liquid surface for one hour under mechanical stirring (150 rpm). After stirring overnight at room 

temperature, the mixture was rotary evaporated to remove ethanol and freeze dried to remove 

water. The product was then carbonized under argon at 800 ºC for 2 hours (heating rate of 2 

ºC/min). After cooling down to room temperature, the pyrolyzed product was treated with 

NH4HF2 aqueous solution (4 M) for two weeks to remove the silica. NH4HF2 was changed twice 

every week by centrifugation. The desired hollow carbon nanoplates were obtained by 

centrifugation (8000 rpm, 30 minutes) and washed with water for three times. 

7.2.3 Hollow MoS3 nanospheres 
7.2.3.1 Synthesis of spherical polyelectrolyte brushes (SPB) 

Firstly, the polystyrene (PS) cores were synthesized by emulsion polymerization of styrene. In 

a typical experiment, 1.998 g CTAB was dissolved into 300 g water. Oxygen in the solution 

was removed with the nitrogen flow for half an hour, followed by addition of 78 g inhibitor-

free styrene into the solution under mechanical stirring. After that, 0.3 g V50 dissolved in 15 

ml degassed water was added and the mixture was heated in a water bath at 60 ºC to initiate the 
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reaction. After two hours’ reaction, 8.73 g photo initiator HMEM dissolved in 10 ml acetone 

was added in portions with pump within 3 hours and the reaction was allowed to continue for 

another 2 hours at 65 ºC in a water bath and then cooled down to room temperature. The 

procedure required to avoid irradiation of light. The PS cores coated with HMEM were cleaned 

through ultrafiltration until the conductivity of the serum was reached 20~30 μScm-1.  Here for 

PS cores purification, membranes with pores of 50 nm were used. The radius of the 

poly(styrene)-core-HMEM particles is 39.5 nm and the concentration is 2.0 wt% in water. 

 

Figure 7.2.3.1.1 Size of the nanoparticles after photo-polymerization. 

Afterwards, AEMH was chosen as the monomer and the polyelectrolyte chains were grafted 

onto the PS cores by photo-emulsion polymerization, which was carried out by UV-vis 

irradiation. In a typical run, 6.3 g AEMH was firstly dispersed into 20 ml water and then slowly 

added under stirring into 650 ml PS-HMEM water solution (2.0 wt%) in the photo reactor, 

followed by the removal of O2 through purging with N2 several times. After that, the mixture 

was irradiated for 60 minutes at room temperature by a mercury lamp of UV-reactor (Heraeus 

TQ150 Z3, Haraeus Noblelight, range of wavelength 200~600 nm). The suspension was then 

cleaned by ultrafiltration until the conductivity of the filtrate was between 3 μScm-1 to 5 μScm-

1. The resulted product was store in a polypropylene bottle for further characterization and use. 

The membranes with pores of 100 nm were applied. 
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Figure 7.2.3.1.2 Schematic ultrafiltration cell for the purification of SPB nanoparticles. 

As mentioned, the suspension of PS core as well as the SPB particles were cleaned by 

ultrafiltration Figure 7.2.3.1.1). The ultrafiltration cell contains a membrane of cellulose nitrate 

(Schleicher & Schuell and Millipore) with pore size of 50 or 100 nm. The polymer latex 

dispersion was filled into the ultrafiltration cell. Millipore water was pushed in from a reservoir 

cell by an overpressure of N2. Generally, about 15 to 40 L water was consumed in the 

purification process. Unreacted monomers, dissolved polymers and surfactant molecules can 

pass through the membrane and be removed from the latex dispersion. The progress of the 

purification was monitored by measuring the conductivity of the serum in the collecting 

container. The polymer dispersion was stirred by magnetic stirring with the speed of about 300 

rpm. 

7.2.3.2 Coating of MoS3 onto SPB nanospheres 

The synthesis of hollow MoS3 nanospheres was realized with an acid precipitation of MoS3 on 

SPB nanospheres followed by the removal of SPB using THF. 0.2 g SPB was firstly dispersed 

in 200 ml water followed by addition of (NH4)2MoS4 under vigorously stirring (about 300 rpm). 

The stirring was continued for another 3 hours in order to allow the complete adsorption of 

MoS4
2- ions onto the surface of the brushes. The pH of the obtained suspension was adjusted to 

be  3 with HCl (1 mol/L) drop by drop under stirring. The addition of HCl initiated the 
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precipitation of dark red colloidal solids. The solution was further stirred for another 2 hours. 

At the end, solid products were collected by centrifugation for 30 minutes at 8000 rpm and 

washed with water for several times. In order to obtain the uniform coating of MoS3 onto SPB 

templates, two different strategies have been tried (Table 7.2.3.2.1). For Recipe I, MoS3 was 

coated onto SPB nanospheres with one step, while for Recipe II, the coating was divided into 

two steps. The MoS3 growths in both methods were all based on the method described above. 

It was found the resulted coating of MoS3 in Recipe II is more homogeneous, so it was used for 

the further synthesis. After freeze-drying, the solid products were finally annealed under argon 

at 200 ºC for 2 hours (heating rate: 2 ºC/min).  

Table 7.2.3.2.1 Two recipes for the coating of MoS3 onto SPB nanospheres. 

  (NH4)2MoS4 (g) 

Recipe I One step coating 0.2 

Recipe II 
Step I: first layer of MoS3 coating 0.1 

Step II: second layer of MoS3 coating 0.1 

7.2.3.3 Preparation of the hollow MoS3 nanospheres 

The preparation procedure for the hollow MoS3 nanospheres was mainly divided into three 

steps. Firstly, the SPB-MoS3 solid products were diluted with 30 ml THF in a 50 ml glass bottle 

with a cap. The nanoparticles dispersed in THF were stirred for 12 h. Secondly, the dispersions 

were purified by centrifugation (4000 rpm) to remove the dissolved PS. During the 

centrifugation process (Figure 7.2.3.2.1 (b)), the residual nanoparticles were precipitated at the 

bottom, while the dissolved SPB stayed in THF as the supernatant. The nanoparticles were re-

dispersed in THF after the centrifugation and were kept under stirring for 12 h. The 

centrifugation, decantation and re-dispersion process were carried out every 12 h every day for 

about two weeks until the nanoparticles were free of SPB.  After that, the solution was 

centrifuged for 30 minutes at 4000 rpm and re-dispersed in THF for three times.  Then the 

collected nanoparticles were dispersed in Milli-Q water and another three cycles of 

centrifugation, decantation and re-dispersion process were performed to replace THF from the 

cleaning procedure. In the end, the hollow MoS3 nanospheres powder was obtained by freeze-

drying overnight. 
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7.3 Electrochemical measurements 
7.3.1 Hollow carbon-MoS2-carbon nanoplates for supercapacitors 

A three-electrode system was firstly applied to explore the working mechanism of hollow 

carbon-MoS2-carbon nanoplates in symmetric supercapacitors. For the configuration, 1 M 

Li2SO4 was used as electrolyte, and an Ag/AgCl in saturated KCl electrode and a platinum wire 

were used as reference and counter electrode, respectively. The working electrode was prepared 

by mixing 1 mg active material, 190 μL H2O, 50 μL ethanol and 10 μL 5 wt% Nafion under 

ultrasonication for 20 minutes to form a homogeneous dispersion. Afterwards, 10 μL of the 

mixture was drop casted on the surface of a glassy carbon electrode and was subsequently dried 

in air. Before measurements, the working electrode was kept in electrolytes for 12 hours. 

Typically, the surface area of the glassy carbon electrode was 0.077 cm2.  

A two-electrode symmetric cell was then fabricated for further measurements. The electrodes 

were prepared by mixing 80 wt% of the active materials with 10 wt% of carbon black as 

conductive additive and 10 wt% of PVDF as binder in NMP to form a homogeneous slurry. 

Then the slurry was spread with a doctor-blade apparatus on an aluminium foil used as a current 

collector and dried overnight in a vacuum oven at 60 ºC to remove the solvent. Then the 

electrode disks of 12 mm in diameter were cut. The mass loading was typically 0.5 mg/cm2. 

The cut out electrodes were subsequently dried at 120 ºC under vacuum for 48 hours before 

measurements. The two-electrode symmetric supercapacitors were assembled by sandwiching 

a porous glassy microfiber membrane GF/A (thickness: 0.26 mm) between two electrodes 

which have the same mass loading, employing 100 μL 1.0 M Li2SO4 aqueous solution as an 

electrolyte. All two-electrode configurations were assembled with CR 2032 coin cells and the 

assembled cells were left for stabilization and wetting overnight before characterizations. 

All three-electrode electrochemical measurements were carried out with GAMRY instruments 

(GAMRY interface 1000) and all two-electrode test cells were measured with a Biologic 

electrochemical workstation (MPG2 galvanostat/ potentiostat). All electrochemical 

characterizations were performed at room temperature. For three-electrode measurements, 

cyclic voltammetry (CV) was performed between different potential windows with a scan rate 

of 100 mV/s to determine the stability window and then at various scan rates in the potential 

window of -0.9 V to 0.5 V vs Ag/AgCl. In two-electrode measurements, CV was also performed 

at various scan rates from 0.5 to 300 mV/s. Three cycles were recorded for each measurement 



2020                                                                                                                           Ting QUAN 

112 

 

to reduce the influence of wetting phenomena. The specific capacitance (Csp-cv) is firstly 

calculated from CV curves using the following equation (1)170, 267: 

𝐶𝑠𝑝−𝐶𝑉 = 2 ×
∫ 𝐼(𝑉)𝑑𝑉

ν𝑚𝛥𝑉
           (1) 

Where ∫ 𝐼(𝑉)𝑑𝑉  is the area of the CV closed curve, ν  is the scan rate (V/s), 𝑚  is the mass 

loading of the active material on one electrode (g), 𝛥𝑉 is the potential window (V).  

The specific energy density (ED) and power density (PD) can be calculated based on the 

following equations (2) and (3)268: 

𝐸𝐷 =
1

2
× 𝐶𝑠𝑝(𝛥𝑉)2          (2) 

𝑃𝐷 =
1

2
× 𝐶𝑠𝑝(𝛥𝑉)ν          (3) 

The capacitance of the two-electrode symmetric supercapacitor was also determined by 

galvanostatic charge/discharge (GCD) test at fixed currents from 0.1 to 5.0 A/g within the 

voltage range from 0 to 1.2 V. From the GCD cycling, the capacitance (CGc) can be calculated 

using the equation (4) as follows: 

𝐶𝐺𝐶 =
𝐼×∆𝑡

∆𝑉×𝑚
                 (4) 

Where 𝐼 is the applied current in ampere (A), ∆t is the discharging time (s), ∆𝑉 is the potential 

range (V) and 𝑚 corresponds to the total mass of active material of both electrodes (g). 𝐶𝐺𝐶 is 

the gravimetric capacitance of the symmetric supercapacitor (F/g). To obtain the gravimetric 

capacitance value of the hollow carbon-MoS2-carbon nanoplates in symmetric supercapacitors, 

the above value was multiplied per 4 as shown in equation (5): 

𝐶𝑠𝑝−𝐺𝐶 = 4 × 𝐶𝐺𝐶         (5) 

The same procedure was applied to obtain the areal capacitance of the supercapacitor and 

material by replacing the mass values with the area of the electrodes. 

The electrochemical impedance spectroscopy of the two-electrode systems was conducted at 

open circuit voltage with the frequency range from 20 kHz to 10 mHz. The recorded values 

were fitted with ZView software Version: 2.1C. 
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7.3.2 Hollow carbon nanoplates for “water-in-salt” supercapacitors 

1 m and 21 m (m: mol-salt in kg-solvent) LiTFSI electrolytes were prepared by dissolving 

respective amounts of LiTFSI in water (HPLC grade) and stirring for 24 hours before use.  

Symmetric two-electrode measurements were performed in 2032 coin cells with the “water-in-

salt” solution  as electrolyte and glass fiber as separator. Electrodes were fabricated by mixing 

the active material, carbon black and PTFE with the mass ratio of 8:1:1. The mixtures were 

dried naturally to partially evaporate solvents. The resulting black pastes were then cold rolled 

into films with a certain thickness depending on the case, subsequently dried at 60 ºC to remove 

all traces of ethanol. Afterwards, the films were cut into small pieces with the mass loading of 

hollow carbon nanoplates about 2 mg/cm2. To determine the packing density of the electrode, 

the thickness and geometric area of the compressed electrode were measured. The calculated 

packing density is about 1.54±0.15 g cm-3. Each electrode was obtained by sandwiching the 

film between two pieces of stainless steel (SS, type 316, 40 mesh, 1 cm2) grids and pressing to 

10 ton force to facilitate electrical connection. CV was conducted between different potential 

windows to determine the stability window of the system and the impedance spectroscopy was 

performed with the frequency range from 1 MHz to 10 mHz at different voltages to find the 

resistance change during CV scanning. The temperature based measurements, including 

electrochemical impedance, CV and galvanostatic charge/discharge was performed in a 

GAMRY instrument (GAMRY interface 1000) connected to a MTC-Multi Temperature 

Chamber (Arbin, USA). The assembled cells were put into the chamber and left for one hour at 

the set temperature before each measurement. The impedance spectroscopy was performed with 

the frequency range from 1 MHz to 10 mHz, CV was measured at 50 mV/s and cells were 

charged and discharged at the current density of 1 A/g at different temperatures. 

All electrochemical measurements were carried out with GAMRY instruments (GAMRY 

interface 1000). The recorded values of impedance were fitted with ZView software Version: 

2.1C. 

7.3.3 Hollow MoS3 nanospheres for “water-in-salt” Li-ion batteries 

The electrochemical properties of the hollow MoS3 nanospheres were evaluated in both CR 

2032 and pouch cells testing against LiMn2O4 as counter electrode. The electrodes were 

fabricated by uniformly mixing active material, carbon black and PTFE (60 wt% dispersion in 

H2O) with the weight ratio of 8:1:1 for LiMn2O4 and 7:2:1 for hollow MoS3 nanospheres 
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suspended in ethanol under agitation, respectively. Carbon black was required to enhance the 

electronic conductivity of the electrodes and PTFE was chosen to provide a good mechanical 

integrity to the electrodes, especially when preparing the thick films. The mixtures were dried 

naturally to partially evaporate solvents. The resulting black pastes were then cold rolled into 

films with a certain thickness depending on the case, subsequently dried at 60 ºC to remove all 

traces of ethanol. Afterwards, the films were cut into small pieces with the mass ratio of 

LiMn2O4/hollow MoS3 nanospheres set to 2:1 and the loading of MoS3 about 2 mg/cm2. Each 

electrode was obtained by sandwiching the film between two pieces of stainless steel (SS, type 

316, 40 mesh) grids and pressing to 10 ton force to facilitate electrical connection. The SS grids 

were thoroughly cleaned with ethanol under ultrasonication at 37 kHz for half an hour, followed 

by washing with water for several times and drying before use. The comparative electrodes 

composed of bulk MoS3 and MoO3 were prepared as the same way. Aqueous electrolytes were 

prepared by molarity (mol-salt in kg-solvent) with certain concentrations and all electrolytes 

were stirred at 300 rpm for 24 hours before use.  

The full Li-ion batteries in both CR 2032-type coin cells and pouch cells were using LiMn2O4 

as cathode, hollow MoS3 nanospheres as anode and porous glassy microfiber membranes GF/A 

(thickness: 0.26 mm) as separator. The pouch cell was fabricated with the cathode and anode 

spaced by the separator, and sealed with the pouch film. Copper tabs were used to connect the 

electrode to the outside cycler. In total, 100 μL and 500 μL electrolytes were added to the coin 

cell and the pouch cell, respectively. Cyclic voltammetry and galvanostatic electrochemical 

cycling curves were recorded with a Biologic electrochemical workstation (MPG2 

galvanostatic/potentiostat) in the voltage range of 0.7 to 2.0 V at room temperature. The 

capacitance in this work was calculated based on the mass of active materials. 

The electrochemical impedance spectroscopy of coin cells was performed at open circuit 

voltage, by sweeping the frequencies from 20 kHz to 10 mHz with an amplitude of 10 mV.  

7.4 Characterization 
7.4.1 Transmission electron microscopy (TEM) 

TEM was performed to characterize the morphology and size of as-synthesized nanoparticles. 

The conventional TEM is a wide-beam technique, in which a close-to parallel electron beam 

floods the whole area of interest and the image, formed by an imaging lens after the thin 

specimen. During the formation of images, the beam of electrons from the electron gun is 

focused into a small, thin, coherent beam by the use of the condenser lens. This beam is 
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restricted by the condenser aperture, which excludes high angle electrons. The beam then strikes 

the specimen and parts of it are transmitted depending upon the thickness and electron 

transparency of the specimen. This transmitted portion is focused by the objective lens into an 

image on phosphor screen or charge coupled device camera. Optional objective apertures can 

be used to enhance the contrast by blocking out high-angle diffracted electrons.269 The TEM 

images are formed in two stages, as shown in Figure 7.4.1.1. Stage A is the scattering of an 

incident electron beam by the specimen. This scattered radiation passes through an objective 

lens, which focuses it to form the primary image. Stage B uses the primary image obtained in 

stage A and magnifies this image using additional lenses to form a highly magnified final image. 

In the process of forming the primary image, the objective lens produces a diffraction pattern 

at its back focal plane. The diffraction pattern is a Fourier transform of the scattered electron 

wave. The primary image is the Fourier transform of the diffraction pattern and is an 

interference pattern of the beams formed at the back focal plane of the objective lens.270 

 

Figure 7.4.1.1 Schematic representation of TEM.270 

Prior to sample preparation for TEM, carbon-coated copper TEM grids (200 mesh, Science 

Services, Munich, Germany) were pre-treated with glow discharge for 20 s. 5 μl of dispersion 

(0.05-0.1 wt%) was dropped onto the grids to prepare the TEM specimens. After naturally 

drying in fume hood for at least 1 hour, the specimen was inserted into the sample holder 
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(EM21010, JEOL GmbH, Eching, Germany) and then transferred to a JEOL JEM-2100 with a 

LaB6 cathode (JEOL GmbH, Eching, Germany) at a 200 kV acceleration voltage. All images 

were recorded by a bottom-mounted 4k CMOS camera system (TemCam-F416, TVIPS, 

Gauting, Germany) and proceeded with a digital imaging processing system (EM-Menu 4.0, 

TVIPS, Gauting, Germany). 

The morphology of SPB-MoS3 particles was visualized by cryo-TEM. Samples were prepared 

by dropping 5 μl of the sample dispersion (0.05-0.1 wt%) on a lacey carbon-coated TEM grid 

(200 mesh, Science Services, Munich, Germany) and most of the liquid were removed with 

blotting paper, leaving a thin film of particles stretched over the grid holes. The specimen then 

were vitrified by rapidly immersing the samples into liquid ethane at its freezing point and 

cooled to 90 K using an automated plunge freezer (Zeiss Cryobox, Zeiss NTS GmbH, 

Oberkochen, Germany). The temperature was kept constant during all preparation procedures. 

After freezing, the sample was inserted into a pre-cooled Gatan CT3500 cryo-transfer holder 

and transferred into a JEOL JEM-2100, operating at 200 kV equipped with a bottom mounted 

4k CMOS camera (TemCam-F416, TVIPS).  

Scanning transmission electron microscopy (STEM) was used to investigate the elemental 

mapping of the as-synthesized nanoparticles and sample preparing procedure is the same as 

TEM. Typically, a drop of dispersion was dried on a standard lacey carbon-coated TEM grid. 

STEM data was collected on a JEOL HEM-2200FS transmission electron microscope operated 

at 200 kV and equipped with a high angle annular dark field (HAADF) STEM detector and a 

Brucker silicon detector for energy dispersed X-ray spectroscopy (EDX).  

All images were processed by the free software package ImageJ. 

7.4.2 Scanning electron microscopy (SEM) and wavelength-dispersive spectroscopy 
(WDS) 

SEM imaging was operated with a LEO GEMINI 1530 field emission SEM and WDS was 

measured by an Axios max X-ray fluorescence spectrometer (XRF) at 2 kV. The samples were 

prepared by dropping 100 μL of dispersions (0.05 wt%) on the silicon wafer surface and drying 

at room temperature. 

SEM produces images by recording various signals resulting from interactions of an electron 

beam with the sample as it is scanned in a raster pattern across the sample surface. A fine 

electron probe, with a spot size from a few angstroms to several hundred nanometers, is 
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generated by focusing electrons emanating from an electron source onto the surface of the 

specimen using a series of electro-optical lens elements. The combination of the source and the 

lens elements is called the electron column. Electrons are emitted from a very fine heated 

filament with a high electrostatic extraction potential. The electrons are then immediately 

accelerated to a desired kinetic energy and propagate down the electron column. Next, some of 

the electrons are cut off by an aperture. The focusing strength of the condenser lens and the size 

of the aperture determine the beam current in the final spot. A final objective lens assembly 

then focuses the beam down to the desirable spot size. An image is built up simply by scanning 

the electron beam across the specimen in exact synchrony with the scan of the electron beam in 

the cathode ray tube.271 

 

Figure 7.4.2.1 Schematic representation of basic components in SEM. 

WDS uses the characteristic X-rays generated from a sample bombarded with electrons to 

identify the elemental constituents comprising the sample. The technique generates a spectrum 

in which the peaks correspond to specific X-ray lines and the element can be easily identified. 

The electron beam is generated by the electron gun encased within the column of the XRF. 

When the electron beam interacts with the sample surface, secondary and backscattered 

electrons are emitted from the excited surface. The topography revealed by the collected 

electrons is used to develop an image of the sample surface. In addition, the wavelength and 

intensities of these collected electrons are analyzed and used to identify the elements contained 

within the near sample surface.272  
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7.4.2.1 SEM measurements of MoS3 electrodes in “water-in-salt” Li-ion batteries 

Pristine and cycled electrodes for SEM measurements were taken from Swagelok-type batteries 

assembled same as the coin cells described above. The electrodes here are composed of hollow 

MoS3 nanospheres, carbon black and PTFE (7:2:1) in mass. The cycled electrode was cleaned 

thoroughly with water and dried naturally before measurement.  

7.4.3 X-ray diffraction (XRD) 

XRD measurements were performed in a Bruker D8 diffractometer in the locked coupled mode 

(2θ ranging from 10 º to 90 º) with Cu Kα radiation working at 40 kV with 0.05 º/min scan rate, 

the incident wavelength is 1.5406 Å. For the accomplished measurements the acceleration 

voltage is set to 40 kV and the filament current to 40 mA. 

 

 

Figure 7.4.3.1 Schematic representation of the XRD measurement. 

X-rays are produced by bombarding a metal with high-energy electrons. They can be diffracted 

when passed through a crystal. X-ray diffraction depends on the range of the incident beam, 

which can be described in the Bragg equation, in the form 

𝑛 = 2𝑑 sin  

where  is the wavelength of the incident X-ray (in the range between 0.001 and 50 Å), d is the 

interplanar spacing of the crystal and n (=1, 2, …) is an integer and is associated with the a 

given interference pattern.273  
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X-ray diffractometers consist of three basic elements: an X-ray tube, a sample holder, and an 

X-ray detector (Figure 7.4.3.1). X-rays are generated in a cathode ray tube by heating a filament 

to produce electrons, accelerating the electrons toward a target by applying a voltage, and 

bombarding the target material with electrons. When electrons have sufficient energy to 

dislodge inner shell electrons of the target material, characteristic X-ray spectra are produced. 

Analysis of XRD gives numerical values of two important parameters: the interplanar spacing 

and the intensity of diffraction. Interplanar spacing is characteristic of the pattern of the crystal 

from which one learns the packing of the repeating units, while the intensities of a certain 

number of diffractions can provide information on the structure of a crystal.273 

7.4.3.1 Ex-situ XRD measurements of MoS3 electrodes in “water-in-salt” Li-ion 
batteries 

 

Figure 7.4.3.1.1 Schematic sample preparation routine for ex-situ XRD measurement. 

For the XRD measurements on cycled electrodes, pellet-like electrodes composed of hollow 

MoS3 nanospheres and carbon black (8:2) in mass excluding binder were utilized (Figure 

7.4.3.1.1). Firstly, MoS3 powder and carbon black were thoroughly mixed in the crucible. Then 

the mixture was pressed into a hard pellet by a manual hydraulic press (Tmax, Xiamen) with 

the pressure of 1 ton, followed by being cut into a circular pellet suitable for the Swagelok cell. 

Swagelok-type batteries were assembled with electrodes composed of LiMn2O4 as cathode and 

pellet-like electrodes of hollow MoS3 nanospheres as anode, using 21 m LiTFSI as electrolytes. 

After charging/discharging treatments, the electrodes were extracted from the batteries and 

dried at natural conditions prior to the measurement. 

7.4.4 Raman spectroscopy 

Raman spectroscopy on nanomaterials was carried out by using a LabRAM HR Evolution 

Raman spectrometer. The wavelength of the HeNe laser applied is 633 nm. Samples were 

prepared by loading dried powders of nanoparticles (5-10 mg) on a clean glass sheet. 
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Raman spectroscopy is the study of inelastic scattering of light. The inelasticity stems from a 

transfer of energy between the incident radiation field and the material under investigation. The 

technique provides important information about the vibrational state of matter. When light is 

irradiated on molecules, it is scattered by molecules. Most of scattered light have the same 

frequency with incident light but some fraction of light have different frequency due to 

interaction between oscillation of light and molecular vibration. The phenomenon that the light 

is scattered with frequency change is called Raman scattering. Because this frequency 

modulation is specific to molecular vibration and phonon in crystal, it is possible to analyze 

composition of material or crystal lattice information by anayzing spectrum of Raman scattered 

light.274 

 

Figure 7.4.4.1 Schematic presentation of Raman spectroscopy. 

7.4.5 Thermogravimetric analysis (TGA) 

TGA measurements were conducted to analyze physical and chemical properties of as-

synthesized nanomaterials with constant heating. It provides physical and chemical information 

about the nanomaterials such as phase transitions, chemisorptions, solid-gas reactions and so 

on. These processes can be measured by the change in mass in respect to the temperature. The 

experiments were performed on a Perkin-Elmer Pyris 1 under a continuous air stream. 10 mg 

of dried samples were filled in the crucible and heated from 25 ºC to 680 ºC at a heating rate of 

10 ºC/min. In case of the hollow carbon-MoS2-carbon nanoplates, the weight loss was attributed 

to carbon and the oxidation of MoS2 to MoO2. 

7.4.6 Nitrogen adsorption/desorption measurement 

Specific surface area and pore size of nanomaterials were determined by nitrogen 

adsorption/desorption measurements, which were conducted by using a Quantachrome 
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Autosorb-1 systems at 77 K. Before all measurements, samples were outgassed at 100 ºC for 

12 hours under vacuum. Specific surface areas of samples were calculated using the Brunauer-

Emmett-Teller (BET) method based on a multipoint analysis and the pore size distributions 

were obtained from the Barrett-Joyner-Halenda (BJH) method. 

7.4.7 X-ray photoelectron spectroscopy (XPS) 

 

Figure 7.4.7.1 Schematic diagram of the XPS process, showing photoionization of an atom by the ejection of a 1s 

electron.275 

XPS measurements were performed using a ThermoFisher Scientific ESCALAB 250Xi 

instrument, with an Al Kα source, in constant analyzer energy mode with a pass energy of 50 

eV and a spot size of 400 μm. 

XPS is used to measure the energy of electrons emitted from the surface of a material. In the 

simplest terms, an electron spectrometer consists of the sample under investigation, a source of 

primary radiation and an electron energy analyzer contained within a vacuum chamber 

operating in the ultra-high vacuum regime. The process of photoemission is shown in Figure 

7.4.7.1, where an electron from the K shell is ejected from the atom (a 1s photoelectron). In 

XPS, the ejection of an electron forms a core level by a X-ray photon of energy hν. The energy 

of the emitted photoelectrons is then analyzed by the electron spectrometer and the data 

presented as a graph of intensity vs. electron energy. The photoelectron spectrum will reproduce 

the electronic structure of an element quite accurately since all electrons with a binding energy 

less than the photon energy will feature in the spectrum. The kinetic energy (Ek) of the electron 

is experimental quantity measured by the spectrometer, which depends on the photon energy of 

the X-rays employed. The binding energy of the electron (EB) is the parameter which identifies 
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the electron specifically, both in terms of its parent element and atomic energy level. The 

relationship between the parameters involved in the XPS experiment is: 

𝐸𝐵 = ℎ𝜈 − 𝐸𝑘 − 𝑊 

where hν is the photon energy, Ek is the kinetic energy of the electron, and W is the spectrometer 

work function.275 
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