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In the past few decades, there has been a tremendous ongoing effort to 

understand the nature of nanomaterials. Shrinking dimensions of the materials to the 

nanoscale regime reveal various intriguing properties of the nanomaterials due to 

quantum confinement effects. Especially, electron confinement in two dimensional 

materials enables compelling electronic properties as compared to the other 

nanostructured materials. Besides, thinning 2D materials down to monolayer thicknesses 

increases the surface-to-volume ratio to such an extent that makes them appealing for 

electrochemical energy conversion and storage technologies. Moreover, atomically thin 

2D materials are flexible with good performance under bending, making them attractive 

materials for flexible electronics, energy storage devices and actuators.  

Recent advancements in energy storage technologies using 2D materials, 

particularly in materials such as graphene and its analogues, would finally make 
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supercapacitors viable to complement or replace batteries. High surface-to-volume ratio 

and good ionic transport in addition to excellent electrical conductivity enables high 

charge storage capacities with fast energy uptake and delivery. For instance, graphene 

possess very high capacitive charge storage performance thanks to pure electrostatic 

attraction of ions (electrochemical double layer effect) on the highly porous carbon 

surface. Besides, pseudocapacitive 2D materials such as transition metal carbides 

(Mxenes) possess good electrical conductivity and capacitive performance concurrently 

because of the presence of transition metal in the structure. Transition metal 

dichalcogenides (LTMDs) such as molybdenum disulphide (MoS2) are also studied 

candidate materials for electrochemical charge storage as well. However, naturally 

occurring MoS2 has a 2H phase crystal structure with 1.9 eV band gap, which renders it 

semi-insulating and therefore not immediately attractive as an electrode material for 

energy storage. Despite, the 1T phase of MoS2 is metallic and 10
7
 time more conductive 

that 2H phase.  

The aim of this work is to use the metallic 1T phase of MoS2, which can be 

obtained from the semiconducting 2H phase of MoS2 during chemical exfoliation of the 

bulk material. In so doing, the ultimate goal is to exploit the phase transformation of 

MoS2 and successfully utilize it as supercapacitor electrode. The results show that that 

chemically exfoliated nanosheets of MoS2 containing a high concentration of the 

metallic 1T phase can electrochemically intercalate ions such as H
+
 , Li

+
 , Na

+
 and K

+
 

with extraordinary efficiency and achieve capacitance values ranging from ∼400 to 

∼700 F cm
−3

 in a variety of aqueous electrolytes. We also demonstrate that this material 

is suitable for high-voltage operation in non-aqueous organic electrolytes, showing 



iv 
 

prime volumetric energy and power density values, coulombic efficiencies in excess of 

95%, and stability over 5,000 cycles. As we show by X-ray diffraction analysis, these 

favourable electrochemical properties of 1T MoS2 layers are mainly a result of their 

hydrophilicity and high electrical conductivity, as well as the ability of the exfoliated 

layers to dynamically expand and intercalate the various ions. The obtained layer 

expansion behavior can indeed be utilized to transform the energy to mechanical energy. 

Our findings indicate that charge storage induces a reversible elongation of electrodes, 

generating enough mechanical force to bend bimorph actuator and lift masses 100 times 

heavier than its own weight. This study also includes a detailed experimental work on 

the synthesis of the metallic MoS2 phase, fabrication of supercapacitor and actuator 

electrodes and, their electrochemical and electrochemomechanical performance in 

various electrolytes.  
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Chapter 1. Introduction 

1. Motivation 

The increasing global demand for energy, depleting fossil fuels and rising global 

warming threat due to fossil fuel usage have led to the investigation of clean, efficient 

and sustainable energy production systems. Besides energy conversion as part of the 

global clean energy efforts, there is a vast amount of ongoing work on electrochemical 

energy storage systems such as rechargeable batteries[1], [2] and supercapacitors[3]–[8].  

Recently, the electrochemical supercapacitors (ECs) have drawn attention due to their 

high charge storage capabilities and fast charge delivery performance as compared to 

conventional capacitors and batteries[4], [9]. Considering the long charging time and low 

power output of batteries, supercapacitors provide better power performance with fast 

charging/discharging rate. Therefore, ECs are very promising energy storage devices in 

high power hybrid vehicles where mechanical energy can be recovered during 

deceleration (breaking) and then used during acceleration over short time scales[10]. 

Moreover, ECs also have very long service life[4] (10
5 

cycles) as compared to 

rechargeable batteries (10
3
 cycles).  

On the other hand, higher fabrication costs[3] and lower charge storage capacity[10] 

as compare to Li-ion batteries limit the ECs usage in the marketplace ( see Fig. 1.1). 

Therefore, extensive research efforts are geared toward improving the ECs devices to 

make them cost effective without sacrificing their power density. 
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Figure 1.1 Ragone chart comparison for various electrochemical energy 

conversion and storage systems[10]. 

A deep understanding of the charge storage mechanism in ECs is important to 

find the most appropriate material in device applications. According to the previous 

studies, ECs are classified based on two distinct charge storage mechanisms:    

(1) Electrochemical double layer capacitor (EDLC)  

(2) Pseudocapacitors   

The charge storage for electrochemical double layer capacitors (EDLCs) is based 

on the electrostatic attraction of charges on the surface of porous electrode[9], [11]. By 

applying an electrical potential, the charge separation occurs at the interface of 

electrode/electrolyte without any chemical reaction (non-Faradaic) as in conventional 

capacitors. Pseudocapacitors, on the other hand, store charges on the surface of an active 
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material via fast redox reaction (Faradaic)[3], [12, p. 2]. Redox reactions typically enable 

two orders of magnitude higher energy storage capacity than electrostatic double layer 

charge storage[3]. However, pseudocapacitors have lower cycle stability as compared to 

EDLCs due to the faradaic reaction. In order to enhance the cycle stability and charge 

storage capacity, hybrid systems were proposed by combining EDLC materials with 

pseudocapacitive materials[13]. Since the double layer formation and surface redox 

reaction occur on the surface of the active material, highly porous materials are required 

for both charge storage mechanisms. The first rule of attack to increase the surface area is 

to utilize porous or nanostructured materials[13]. However charge storage only occurs 

over a few angstrom distances on the surface, which is why excessive pore volume is not 

desired. Here, one needs to optimize pore size to minimize the unnecessary volume[14].  

Layered materials are promising candidates for an efficient pore distribution due 

to their anisotropic crystal structures. The layer separation in such materials can be 

engineered by introducing guest species between the layers. This methodology enables 

one to obtain the highest volumetric capacitance in pore engineered graphene[15], [16]. 

In addition to graphene, other layered materials such as VS2, Ti2C3 are used as 

supercapacitor electrodes and  exhibit notable capacitive behaviour[5], [8], [17, p. 2]. 

Furthermore, limited number of studies have addressed the properties of two-dimensional 

layered transition metal dichalcogenides (2D LTMDs) such as molybdenum disulfide 

(MoS2) [18]–[20] and determined that their charge storage performance is quite poor. A 

key reason for this is that the electrodes tested in previous studies were comprised of the 

2H phase of MoS2 nanosheets that possess poor electrical conductivity. To enhance the 

conductivity, hybrid electrodes such as graphene/MoS2[21] and polyaniline/MoS2[22] 
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have been investigated. To date, the electrochemical storage performance obtained thus 

far with either pure or hybrid 2H phase MoS2 electrodes has been relatively modest as 

compared to graphene [7], [23] or MXene (Ti2C3) electrodes [8]. 

2.Objectives and Scope of the Work  

The major problem with MoS2 based supercapacitors is their poor conductivity. 

There is another phase of MoS2, 1T phase, which is 10
7
 times more conductive than 2H 

phase MoS2 [24]. 1T phase has layered structure similar to 2H phase, and can be obtained 

in the form of monolayer as a result of chemical exfoliation technique via organolithium 

chemistry. Considering the layered morphology and comparably higher conductance 

similar to reduced graphene oxide, 1T phase of MoS2 can be a candidate as 

supercapacitor electrode, however there is no report about 1T phase MoS2 based 

supercapacitors. Therefore, the primary objective of this thesis dissertation will be using 

1T phase MoS2 as supercapacitor electrode.  

Here, I propose phase engineered MoS2 electrodes for use in supercapacitor. 

Accordingly, the scope of the thesis is to develop a methodology to fabricate the 1T 

phase MoS2 electrode, convey the electrochemical analysis and understand the 

mechanism of charge storage. To synthesize monolayer 1T phase MoS2, I propose to use 

the previously constructed lithiation and exfoliation procedure[24]. On the other hand, 

typical vacuum filtration technique will be used to fabricate supercapacitor electrodes. To 

characterize the phase transformation, chemical exfoliation, and restacking of MoS2, 

various characterization techniques will brought to bear including SEM, XPS, HR TEM, 

XRD. To analyze the electrochemical charge storage behavior, electrochemical analysis 
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will be conducted including cyclic voltammetry, galvanostatic charge/discharge and 

electrochemical impedance analysis in various electrolytes. To unveil the charge storage 

mechanism, the structural changes associated with the charge storage will be screened via 

ex-situ XRD analysis. To monitor the macroscopic effects of charge storage; the 

electrode expansion/contraction will be monitored using bimorph actuator configuration.   

3. Organization of the Thesis 

Chapter 1 of the thesis is a brief introduction to the energy storage technologies, 

the challenges and the proposals to address these issues.  Correspondingly, Chapter 1 

establishes a motivation to the specific objectives of the thesis project. Chapter 2 provides 

a detailed literature survey to review the layered materials, especially MoS2, which is the 

key material considered in this study. Chapter 3 gives a detailed literature review about 

electrochemical supercapacitors to convey fundamental understanding of the charge 

storage systems. Chapter 4 provides an introduction to electrochemical actuator systems 

and mechanical aspect of the electroactive materials. Chapter 5-8 cover the experimental 

studies of the thesis. Chapter 5 elaborates on the implemented procedures for materials 

synthesis (1T phase MoS2) to fabricate state-of-the-art supercapacitor electrode including 

lithiation, chemical exfoliation, phase transformation, vacuum filtration and their 

characterizations via SEM, XPS, Raman, HR STEM. Chapter 6 focuses on the 

electrochemical analyses of 1T and 2H phase MoS2 in different electrolytes to explore the 

capacitive behavior. Chapter 7 specifically investigates the charge storage mechanism via 

ex-situ XRD analysis and in-situ Raman spectroscopy. Chapter 8 focuses on the 

electromechanical properties of MoS2 under electrochemical induction. Finally Chapter 9 

summarizes the thesis and concludes with the future works.  
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Chapter 2 Molybdenum disulfide (MoS2) 

The transition metal dichacogenide is the common form for the compounds 

consisting of one transition metal atom (Group IVB, VB or VIB transition metals) and 

two chalcogenide atoms (S, Se or Te)[25]. These transition metals have commonly +4 

oxidation states and bond covalently with two chalcogene atoms as illustrated in Fig. 2.1. 

Molybdenum disulphide is one of the most investigated layered transition metal 

dichalcogenides (LTMDs). Between the S-Mo-S layers, no metal atoms are present and 

weak Van der Waals bonds (S~S) hold individual MoS2 sheets. These weak Van der 

Waals bonds make bulk MoS2 a good solid lubricant[26].  

 

Figure 2.1 Schematic of layered MoS2 crystal structure[27].  

Current interest in MoS2 arises from the ability to isolate MoS2 sheets thanks to the 

weak Van der Waals bonds between the sheets. Unlike bulk MoS2, exfoliated single layer 

MoS2 shows distinct electrical[24], optoelectronic[24], and mechanical[28] properties. 

Therefore, MoS2 may have found potentially applications as semiconductor materials for 

transistors[29] (electronics) and solar cells[30] (optoelectronics). Also MoS2 was 
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proposed as electrode material for Li-ion battery application[31] and as catalyst material 

for hydrogen evolution reaction (HER) [32].  

2.1 Structure of MoS2 

Structurally bulk MoS2 is a layered structure where molybdenum atoms are 

sandwiched between sulphur atoms as illustrated in Fig. 2.1. There are three polymorphs 

of MoS2 which are 2H MoS2, 1T MoS2 and 3R MoS2. The different polymorphs are 

based on the change in the coordination of metal atoms in the primitive unit cell [25], 

[33]. The 2H phase MoS2 is the most stable phase where the coordination of Mo atom is 

trigonal prismatic (Space group: P63-mmc)[34]. There are six “S” atoms covalently 

bonded with one “Mo” atom as shown in Fig. 2.2a.  

Structurally, 2H MoS2 layers can be distorted by intercalating lithium atoms between 

MoS2 layers. After distortion, the position of bottom three sulphur atoms rotate 60° with 

respect to upper sulphur atoms, then the coordination of Mo atoms become octahedral as 

illustrated in Fig. 2.2b. (Space group: P3)[35]. While 2H MoS2 is stable, 1T MoS2 is a 

metastable phase that relaxes back to 2H MoS2 at mild annealing conditions (98°C)[36].  

Due to the 60° rotation of sulphur atoms in 2H MoS2, all six sulphur atoms are visible 

from top view of single layer 1T phase MoS2 and but only three sulphur atoms are visible 

for 2H phase MoS2 (Fig 2.2(a,b))[37]. Because of the differences in planar densities of 

these planes, it is possible to discern between the 2H and 1T phases by High Resolution 

Scanning Transmission Electron Microscopy (HR STEM)[25] as shown in Fig. 2.2(c,d).  
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Figure 2.2 Crystal structure with top view and side view with layer stacking for 

trigonal 2H phase MoS2 (a) and octahedral 1T phase MoS2 (b). Dark-field scanning 

transmission electron microscopy image of single-layer MoS2 showing the contrast 

variation of 2H (c) and 1T (d)[25]  

2.2 Phase Transformation in MoS2 

The 2H phase is the most stable one in the MoS2 system, but other phases can also 

form if a phase transformation can be induced. In order to promote a phase 

transformation from the 2H to 1T phases in MoS2, typically an alkali metal intercalation 

process is used[33]. Ideally, the missing atoms between two MoS2 sheets enable 
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interplanar cationic insertion in between the MoS2 sheets. However, the 2H MoS2 has 

tendency to resist intercalation unless lithium atoms with strong reducing agents such as 

n-butyl[38]. Then lithium atoms are able to diffuse through the octahedral and tetrahedral 

sites in the hexagonal crystal structure. During the lithiation process, a charge transfer 

occurs from the valence s orbital of the lithium atom to the d orbital of the molybdenum 

atom. The charge transfer might be responsible for destabilization of the 2H phase 

structure. It makes the 1T phase more favorable. 

2.3 Electronic Properties of 2H Phase MoS2 and 1T Phase MoS2 

According to experimental and the theoretical studies, the bulk 2H form of MoS2 is a 

semiconductor with an indirect band gap of 1.2 eV [39]. On the other hand, 1T phase of 

MoS2 exhibits metallic conduction that is 10
7
 times higher than 2H phase’s 

conductivity[24]. Such distinct electronic behavior between the 2H and 1T originates 

from the difference in the coordination of Mo atoms, resulting in different electron 

configuration (d orbitals) and band structure as shown in Figs.(2.3,2.4). For trigonal 

prismatic coordination, the d-orbitals split into three bands with occupied dz
2
 and 

unoccupied dx
2

–y
2

,xy, and dxz,yz states[25]. Split orbitals and fully occupied states render a 

band gap with semiconductive behavior for 2H phase of MoS2.  
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Figure 2.3 Atomic orientation of sulphur atoms for 2H and 1T phase MoS2 (a), 

electrons states for d orbital of MoS2 (b), corresponding density of states for 2H phase 

MoS2 (c) and 1T phase MoS2 (d) [33].  

On the other hand, octahedrally coordinated Mo atoms have partially occupied 

degenerate dz
2

,x
2

–y
2
 (eg) and dyz,xz,xy (t2g) orbitals[25]. Two electrons are shared by three 

degenerate orbitals and partially filled states render an overlapping band structure in the 

Fermi level energy (Fig. 2.4). Therefore, 1T MoS2 presents metallic behavior. 

 

Figure 2.4 Band structure of 2H phase MoS2 (a) and 1T phase MoS2 (b).[40]  
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2.4 Phase Characterization 

2.4.1 Raman Spectroscopy 

Raman spectroscopy can be used to characterize the phase transformations in MoS2 

because of the different vibrational modes of 1T MoS2 and 2H MoS2 [41].  There are two 

main Raman modes in 2H MoS2, the in-plane 
1

2GE   mode and the out-of-plane A1G mode. 

Several additional  RAMAN signatures appear in the spectrum of single layer 1T MoS2 

that are designated as J1, J2 and J3 peaks at 156 cm
-1

, 226 cm
-1

 and 333 cm
-1

 [41], [42]. 

The presence of these new peaks are attributed to zone folding mechanism due to the 

formation of 2 a0 x a0 superlattice structure in a single layer MoS2[41]. While Raman 

spectroscopy is effective in qualitative phase analyses, it does not help with quantitative 

phase analysis.  

 

Figure 2.5 Raman spectrum for 1T MoS2 and 2H MoS2 (a). Corresponding vibration 

schematics for the vibration modes in the RAMAN spectrum(b) [41].  
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2.4.2 X-Ray Photoelectron Spectroscopy (XPS) 

 XPS is a more effective method for assessing the phase composition of MoS2 [24]. 

After chemical exfoliation, both 2H and 1T phases coexist, and Raman spectroscopy 

cannot provide a quantitative assay. On the other hand, XPS elemental analysis is based 

on characteristic binding energies of each element and bond. For 2H MoS2, there are two 

bonds present giving peaks for Mo 3d (229.5eV and 232eV) and S2p regions. Due to the 

different positioning of sulfur atom around Mo atoms for 1T MoS2, Mo3d peak signals 

coming from the 1T phase are down-shifted by ~ 0.9 eV. Since both phases are present, 

XPS gives a convoluted peak for Mo 3d region. By deconvoluting the Mo 3d peak, we 

calculate the amount of 1T phase and 2H phase content of the MoS2 film. The typical 

gradual phase transformation of 1T  to 2H as induced by annealing and the corresponding 

Mo3d, S2s and S2p peaks[24] are shown (Fig. 2.6).   

 

Figure 2.6 Phase difference can be detected by X-ray photoelectron 

spectroscopy[24].  
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2.5 1T Phase MoS2 Synthesis 

There are two proposed methods for the phase transformation of the 2H phase to the 

1T phase. The common method is the alkali cation insertion into 2H MoS2.[43] This 

method has been studied since the 1970s and the mechanism of phase transformation is 

well understood[44]. To promote phase transformation, an electron needs to be donated 

from the alkali cation to 2H MoS2. Recently, a new method was reported for local phase 

transformation[45].  By irradiating MoS2 with an electron beam, it is possible to induce 

the phase transformation on a small domain of a few nm
2
 in size. While this mechanism 

is not well understood, it is speculated that charging with the electron beam plays a role 

in inducing the phase transformation.   

2.5.1 Lithiation and Chemical Exfoliation Process  

The chemical exfoliation method is more appropriate to fabricate electrode material 

because it is applicable to mass production. The 1T MoS2 was first obtained by a 

chemical exfoliation process by Joensen et al[44]. In this method, one utilizes butyl 

lithium with hexane by which lithium cations are inserted into layered MoS2. Lithium 

diffuses toward the octahedral and tetrahedral vacant sites in the layered MoS2 structure 

and weakens the van der Waals bonds between the MoS2 layers. Here, the lithium reacts 

with MoS2 by giving one electron. This process causes a distortion in the MoS2 crystal 

structure and the trigonal molecular orientation of the atoms transforms to the octahedral 

coordination. At the end of the intercalation process, LiMoS2 compound is obtained in an 

inert atmosphere. To remove lithium, the intercalated compound (LiMoS2) is mixed with 
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deionized water in a sonication bath. Then, subsequent reaction of Li with water results in 

LiOH by the following reaction and MoS2 layers are thereby exfoliated [24]. 

                                                      (1) 

Here, due to the reaction and agitation of intercalated particles by sonication, weaker 

van der Waals bonds break and bulk MoS2 exfoliates. During this process, full dispersion 

in water solution takes place, including single layer MoS2 layers, butyl group and LiOH. 

Upon centrifuging at 10k rpm for three times, single layer MoS2 can be purified and 

colloidally dispersed by which the 1T phase MoS2 is obtained[24]. Interestingly 

chemically exfoliated MoS2 retains its 1T phase after removing the intercalated Li by 

exfoliation. Then 2H phase of MoS2 is successfully transformed to 1T phase of MoS2 via 

lithiation and exfoliation. 

2.5.2 Restacking Exfoliated MoS2  

Single layer MoS2 flakes disperse colloidally in water and are stable for months[24], 

but they require an additional process to transfer exfoliated layers onto a desired 

substrate.  By using a vacuum filtration technique, the suspended layers can be restacked 

and transferred on a substrate. 

2.5.2.1 Crystal Structure of Restacked MoS2 and Intercalation Compounds 

Randomly distributed MoS2 flakes in water reorient themselves upon removing 

the water and drying. Previous XRD studies[43] show that MoS2 in water has (100) and 

(110) peaks without the presence of the (00l) peak indicating that they are single layer 

(Fig.2.7). Upon removing the water slowly, MoS2 layers reorient and new peak appears at 
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7.8 2θ degrees corresponding to the (001) peak and indicating that two water layers are 

stable between the MoS2 layers (Fig.2.7). Then upon the drying process, intercalated 

MoS2 (001) peak decreases and the (002) peak increases corresponding to restacked 

MoS2 at 14.4 2θ degrees (Fig.2.7). This study shows that chemically exfoliated MoS2 

exhibit different surface behavior that attributed to the stable water molecule between 

MoS2 layers under aqueous conditions.  

 

Figure 2.7 X-ray diffraction patterns of suspended single layer MoS2 in water[43].  

In addition to the water layer between MoS2 layers, cationic guest species can be 

incorporated between layers of exfoliated MoS2[36], [46]. XRD and NMR analysis were 

conducted for intercalated compounds and their molecular structure were suggested as 

shown in Fig. 2.8[38]. It was stated that lithiation retained the negative charges on the 
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surface of exfoliated MoS2 layers, attracting positive or neutral species on the surface of 

MoS2 thereby.  

 

Figure 2.8 Schematics of the cation intercalated              compounds[38].  

To quantify the surface charges, the zeta potential was measured in exfoliated 

MoS2[32]. Previous analysis on exfoliated MoS2 indicated that a zeta potential of -40-

50mV is typical, which supports the negatively charged exfoliated MoS2 surface 

hypothesis.  

2.6 MoS2 as Supercapacitor Electrode 

Soon et al. reported the first MoS2 based supercapacitor[18]. In that study[18], 

MoS2 nanosheets were synthesized as supercapacitor electrode by thermal decomposition 

of tetrakis (diethylaminodithiocarbomate)molybdate(IV)[18]. Here, the MoS2 nanowalls 

consist of sheets that are 500 nm in width and 100 nm in thickness. The dimensions of the 
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nanosheets are very thick in comparison to the thickness of single layers. The capacitance 

of nanowalled MoS2 is around 100 F/g at 1mV/s scan rate, but it reduces to 20 F/g at 50 

mV/s showing that the charge storage is limited by diffusion. Based on the 

electrochemical analysis, two charge storage processes were proposed for MoS2. Firstly, 

faradaic charge storage is responsible for high capacitance at slow scan rates  

                                                       (2) 

And secondly, protons or alkali cations adsorb on the surface of MoS2 nanowalls 

which is not diffusion limited, resulting in  

                                                          (3) 

Eqn (3) designates a mechanism that is not a faradaic charge storage mechanism. 

Since the surface area of MoS2 nanowalls is low, non-faradaic charge storage 

performance is also low.  

 

Figure 2.9. SEM image of MoS2 nanofilm[18] (a), CVs at different scan rates in 

0.5M NaOH (b), and H2SO4.(c) 
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2.7 MoS2 as a Piezoelectric Material and an Electrochemical Actuator  

Recently, piezoelectric behavior has been observed in 2H phase monolayer 

transition metal dichalcogenides (LTMDs) [47], [48] such as 2H phase MoS2. 

Piezoelectricity is an electromechanical coupling mechanism which has been used in a 

variety of actuators and sensors[49]. Such behavior is attributed to the lack of 

centrosymmetry in the crystal structure. The considerable large bandgap renders 

insulating or semi-insulating electronic behavior in the monolayers of LTMDs. For 

instance, crystal symmetry is broken in a monolayer 2H phase MoS2 which has ~1.9 eV 

bandgap[50], and in consequence becomes an attractive material for piezoelectricity. 

However, the metallic 1T phase MoS2 does not meet the requirements for 

piezoelectricity, due to its metallic behavior which is reported to be 10
7
 times more 

conductive than that of the 2H phase MoS2[50], [51].  

Unlike piezoelectricity, electrochemical actuators require highly conductive 

electrode for a better actuation performance. By incorporating MoS2 to CNTs, 60 % of 

enhancement has been obtained[52]. However, 1T phase MoS2 as a material for 

electrochemical actuator has remained unexplored.  

The possible mechanisms for electrochemical actuator will be discussed in the 

Chapter 4. Regarding MoS2 electrodes, either the intercalation of ions or change in bond 

length in the crystal structure might cause the electrochemical actuation behavior. On the 

other hand, there are very few studies reported on Mo-Mo or Mo-S change in bond length 

during ion adsorption[53], [54]. Alexiev et al. published a theoretical study on hydrogen 

adsorption on MoS2 and according to their theoretical studies, hydrogen adsorption can 
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cause 1.4-4% Mo-S bond length increment [54]. Very recently, Mahmood et al. 

conducted an in situ synchrotron X-ray absorption spectroscopy on the charge storage in 

WS2. According to their studies, there is 1% W-W increase in bond length for the 1T 

phase of WS2 during charge storage in H2SO4 electrolyte[53]. The schematic of change in 

bond length during surface redox reaction is depicted (Fig. 2.10). Since 1T phase of WS2 

has similar properties with 1T phase MoS2, we might expect similar behavior from 1T 

phase MoS2. Therefore, MoS2 is also a prime candidate for substantial actuating due to 

electro-chemo-mechanical effects that remain to be unearthened.   

 

Figure 2.10. Illustration for surface redox charge storage on 1T phase WS2[53].  

2.8  Mechanical Properties of MoS2 

Because of its anisotropic crystal structure, MoS2 has different mechanical 

properties along in-plane and out-of-plane directions. Due to the strong covalent bonding, 

2H phase MoS2 has very high in-plane Young’s modulus (~ 270 GPa)[28] and can 

sustain large deformations up to 11% before rupture[28]. After phase transformation, the 
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binding energies[50] of Mo and S atoms for 1T phase MoS2 decreases which might lead 

to a slightly lower in-plane elastic modulus. While there are no experimental finding, 

theoretical studies suggested the in plane modulus of 1T phase MoS2 to be 183 GPa[55].  

For the restacked MoS2 films, individual layers overlapped on top of each other. 

Consequently, weak Van der Waals bonds and coulombic interactions between layers 

lower the mechanical performance. Applying a lateral force will induce sliding between 

interlayers that determines the shear strength[56]. The shear strength of 2H phase MoS2 is 

very low (1 MPa in vacuum) and increases with the presence of adsorbents which 

enhance the shear strength up to 59 MPa depending on the measurement conditions[56]. 

On the other hand, chemically exfoliated 1T phase of MoS2 has negative surface charges 

and corrugated surface[37], which might increase the attraction between layers and 

results in higher shear strength. The mechanical behavior of thick films of 1T phase 

MoS2 still remain to be studied in depth. 

2.9  Chapter Summary 

This chapter focused on the material aspect of this dissertation. A summary was 

presented on the different crystal structures of MoS2 including naturally occurring stable 

2H phase and metastable 1T phase; the phase transformation from semiconductive 2H 

phase to metallic 1T phase via organolithium chemistry; and subsequent exfoliation to 

monolayer. Several techniques to characterize the structure and chemical composition of 

different phases of chemically exfoliated MoS2 were discussed. It was shown that phase 

engineering to tune the properties and render them attractive material for variety of 

applications such as electrode material in batteries and supercapacitors, catalyst for 
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hydrogen evolution reaction as well as piezoelectric material in energy conversion 

systems are within the realm of possibility.  
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Chapter 3. Electrochemical Supercapacitors 

Electrochemical Supercapacitor (EC) devices are generally designed in a similar 

fashion as batteries [9]. An EC device contains two electrochemically active electrodes 

separated with a porous and insulating separator filled with electrolyte as shown in Fig. 

3.1. Under an applied potential (V), charge storage occurs on the surface of the charged 

electrodes by polarizing the electrons and mobile ions (see Fig. 3.1). The corresponding 

potential curve of the charged electrode/electrolyte interface is depicted in Fig. 3.1b. 

Here, charge storage occurs only on the surface of electrode which has a thickness of 2-

10 A° [9]. If such ionic interaction is purely electrostatic, such devices are called 

electrochemical double layer supercapacitor (EDLCs).  

 

Figure 3.1. Principle of a single-cell double-layer capacitor (a) and illustration of 

the potential drop at the electrode/electrolyte interface (b) [9].  
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For EDLCs, the energy can be stored on the surface of highly porous and 

conductive materials. Porous materials such as graphene[7], [15], [16], [23], carbon 

nanotubes[57], [58] (CNTs), mesoporous carbon[59] and nanoporous gold[13] were 

studied for use as EDLC electrodes. For high charge storage capacity, materials require 

high surface area (up to 3000 m
2
/g) because the capacitance is proportional to the 

accessible surface area. According to previous studies, typical capacitance per unit area is 

around 21 µF/cm
2
 for EDLC type materials[60]. For example, if all theoretical surface 

area of graphene (2630 m
2
/g) were accessible, expected theoretical capacitance in 

graphene based capacitors would be 550 F/g (Ref[60]). 

On the other hand, if reversible charge transfer occurs on the surface of the 

electrode by surface redox reaction or electrosorption, the device is called a 

pseudocapacitor[61]. Materials exhibiting pseudocapacitive behavior are mostly 

comprised of transition metal oxides with multiple oxidation states that change during 

charging and discharging. RuO2 thin film capacitors based on pseudocapacitive redox 

reactions offer very high storage capacities up to 2000 F/g [62] with excellent cyclability 

albeit expensive [3]. Alternatively, MnO2 is one of the most studied pseudocapacitive 

materials because of its promising high charge storage capacity (1370F/g)[12] and its 

relatively low cost, but its low conductivity reduces the performance[63]. The potential 

capacitance values of pseudocapacitive materials are much higher than EDLCs despite 

their lower surface area. Typical charge storage capacity for pseudocapacitive materials is 

two orders of magnitude higher than EDLCs with the same surface area[4]. But due to the 

faradaic reaction, pseudocapacitors are not as stable as EDLCs for long term usage. In 

order to overcome low conductivity and stability issues, pseudocapacitive materials and 
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EDLC materials were mixed and hybrid systems were proposed. For example, MnO2 

films grown on nanoporous gold electrode[13] enables the usage of very thin 

pseudocapacitive MnO2 with a high surface coverage on porous gold electrodes. 

Enhanced electronic conductivity and ionic diffusion path for ions through highly porous 

structures provide high performance hybrid capacitance (up to 600F/g) where the 

corresponding MnO2 contribution to the charge storage is close to its theoretical 

capacitance, i.e. 1145F/g.   

3.1 Supercapacitor Device Configuration 

Commercial supercapacitors are designed in a similar fashion to batteries, with 

two active electrodes separated with ion permeable membrane as illustrated in Fig. 3.1. 

Unlike batteries, charge storage mechanism for each individual electrode is similar to a 

conventional capacitor. During charging of a supercapacitor device, opposite charges 

accumulate on the surface of cathode and anode, respectively. Considering each electrode 

as a capacitor, a supercapacitor device can be modeled as two capacitors connected in 

series[64]. Hence, the total capacitance of the supercapacitor is given by  

 

      
  

 

  
 

 

  
                                                        (4) 

where C1 and C2 are the capacitances of each electrode. If the capacitances of each 

electrode are the same, the total device capacitance is half of the individual electrode.  

It should be noted that the capacitances of the supercapacitors are not constant and 

depend on charging and discharging rate. Therefore, when capacitance is defined for 

ECs, a term called specific capacitance is used with a specified operational rate (scan rate 

or charging/discharging current). Since the charge storage mechanism of ECs relies on 
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the ionic species in the electrolyte, time is a limiting factor due to the ionic diffusion and 

electrolyte conductivity. Therefore, ECs behave capacitively at lower frequencies, but 

resistively at higher frequencies due to the diffusion and the charge response delay. The 

rate performance of the supercapacitors can be improved by: 

(1)Using highly conductive and porous electrode, 

(2)Optimizing pore distribution on the electrode to improve ionic diffusion, 

(3)Lowering the distance between two electrodes by using a thin porous separator, 

(4)Using highly conductive electrolytes.  

The most prominent reason for charge response delay is the resistance of the 

electrode material itself. For high power systems, a highly conductive material is 

required. Since capacitance and the internal resistance depend mostly on the electrode 

material, we will discuss the electrode materials for electrochemical devices will be 

discussed in what follows.    

3.1.1 Supercapacitor Materials 

Electrode materials are the most important element for supercapacitor devices 

because the capacitance of the electrode determines the overall capacitance of the device. 

Therefore, a variety of materials are proposed for supercapacitor electrodes in order to 

enhance supercapacitor devices. There are three types of materials being investigated for 

supercapacitor electrodes: 

(1)Porous carbon  (activated carbon, carbon nanotubes, graphene)[65] 

(2)Transition metal oxides (RuO2, MnO2, NiO, Co2O3, V2O5, MoO)[66] 

(3)Conjugated polymers (polypyrole, polyaniline)[67] 
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3.1.1.1 Carbonaceous Materials 

Carbonaceous materials are attractive due to low cost, high conductivity, high 

surface area and high chemical stability in various electrolytes[65]. Carbon is particularly 

attractive because it can be engineered with various morphologies including carbon 

nanotubes (CNTs), graphene, activated carbon, and mesoporous carbon for use as 

supercapacitor electrodes. By using these morphologies, up to 3000 m
2
/g surface area can 

be achieved. Since the capacitance is proportional to the accessible surface area of the 

electrode, porous carbons are good candidate for the supercapacitor applications. 

Additionally, porous carbons are chemically stable in acidic, basic, neutral and organic 

electrolytes. This inertness provides highly stable device performance with wide potential 

ranges (up to 4V in ionic liquids) which enables very high energy density devices[60]. 

The charge storage mechanism in porous carbon is mostly based on electrostatic 

double layer formation on the electrode surface without any chemical reaction. The lack 

of chemical reaction on the surface yields high cycle stability (~10
5
). However, porous 

carbons have limited capacitance due to low specific surface capacitance (21 µF/cm
2
). As 

stated earlier, even if the highest theoretical surface area were obtained in graphene, then 

the capacitance would be only 550 F/g which is much lower than the capacitance of 

pseudocapacitive materials[60]. 

In order to exploit the highest performance from porous materials, an optimization is 

required for pore size, pore shape, and pore distribution in the structure[68]. Besides 

accessible area enhancement, pseudocapacitive active spots can be introduced via 

chemical functionalization in addition to the double layer[59].  

 



27 
 

3.1.1.1.1 Pore and Channel Distribution 

Ideally, the capacitance is expected to be proportional to the surface area, but 

experimental results show that the capacitance is generally lower for higher surface areas 

(>2500 m
2
/g), (Fig. 3.2). The discrepancy is believed to be due to some isolated pores 

that are inaccessible for charge storage. The optimum distribution of pores and channels 

in the structure are of great importance and simply maximizing surface area will not give 

the best results[14].  

 

Figure 3.2. Gravimetric capacitance vs specific surface area in various 

electrolytes[14]. 

3.1.1.1.2 Pore Size and Shape Effect 

Mesopores (2-50 nm pore size) have similar capacitance performance (21 

µF/cm
2
), but when pores are reduced below 2 nm, the capacitance increases sharply as 

shown in Fig. 3.3. The anomalous increment in the capacitance is based on the distortion 

of solvated ions and proximity of ionic centers to the charged surface[69].  The highest 
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capacitance is observed for pore size closer to the ion size. Specifically, the highest 

performance is observed with pore sizes close to 0.7 nm and 0.8 nm in aqueous and 

organic electrolytes [14]. Smaller and rounded pores have higher curvature and effective 

surface area decreases with the curvature. Slit-shaped pores provide the highest 

theoretical capacitance values [14].  

 

Figure 3.3. Pore size effect on the specific surface capacitance[69]   

3.1.1.1.3 Functionalization 

The capacitance can be further improved by chemical functionalization with 

active substances such as nitrogenated carbon. The enhancement of the capacitance is 

based on Faradaic pseudocapacitive charge storage. The following reaction represents 

pseudocapacitive charge storage for nitrogenated carbon surfaces (C
*
)[70].  

                                                         (5) 
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3.1.1.2 Transition Metal Oxides 

The highest theoretical capacitances are reported for supercapacitor devices based 

on transition metal oxides[3], [13], [71]. If the theoretical capacitance performance is 

achieved, the supercapacitors may indeed complement batteries. Such high charge 

storage capacity in supercapacitors is possible because of multiple oxidation states of 

transition metals which can reversibly change during charge storage process via electron 

transfer[3]. Since the electrons are involved for the charge transfer, transition metal 

oxides are called pseudocapacitive materials (Faradaic). In order to exploit the material 

fully for charge storage, the electrolyte has to easily access all the surface of the material 

which requires high porosity similar to porous carbon. Various methods are employed 

such as nanostructurization[72], chemical modification[73], and incorporation of high 

surface area conductive materials[13] to develop high performance pseudocapacitive 

materials.   

3.1.1.2.1 Ruthenium Oxide (RuO2) 

The most widely studied transition metal oxide is RuO2. Because of its high 

capacitance, high potential range (1.4V), and high oxide conductivity and stability, RuO2 

is an ideal material for supercapacitor applications. Despite all these advantageous 

properties, RuO2 is unlikely to see extensive commercial usage due to its high cost[3].   

The exceptional high capacitance of RuO2 relies on electro-adsorption of protons on 

the surface of RuO2 via electron transfer through a change in the oxidation state of 

ruthenium (Ru
2+

 to Ru
4+

) in acidic electrolytes via 

                                                              (6) 



30 
 

Here, the charge storage mechanism occurs on the surface of electrode, thus the 

specific area of the RuO2 plays an important role. Various techniques were used to 

increase the accessible surface area of RuO2 such as the synthesis of hydrous form of 

ruthenium oxide (RuO2.xH2O)
 
[74] which enables specific capacitances as high as 786 

F/g. Also depositing nanoscale size RuO2 on a carbon surface enables specific 

capacitance up to 914 F/g 
19

 which is much closer to the theoretical capacitance of RuO2. 

The crystallinity[75], particle size[76] and hydration amount[77] also play substantial 

role in the capacitive performance due to change on the surface area, ionic channels and 

conductance of the electrode.  

3.1.1.2.2 Manganese oxide (MnO2) 

Another promising transition metal oxide is MnO2 thanks to its high charge 

storage capability, relatively high potential range, relative abundance and low cost[78]. 

Although it has high theoretical capacitance (1300 F/g), its low conductivity (10
-5 

S/cm) 

limits direct usage as a supercapacitor electrode. In order to overcome the conductivity 

issue and obtain high capacitive performance, chemical modification[73] and hybrid 

systems[13] were proposed.  

Thanks to having multiple oxidation states, MnO2 can have variety of 

morphologies such as nanowires[79], nanorods[80], nanobelts[81]. These one 

dimensional morphologies improve the charge storage performance by providing high 

surface area. Also different crystal structures[82]–[84] of MnO2 including α-, β-, γ- MnO2 

phases provide tunnel shape pores in the crystal structure. Another crystal structure, δ-

MnO2 has a layered structure enabling higher accessible surface area for charge storage 

and better performance comparing other crystal forms[85].  
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For better ionic conductivity, a hydrous state of MnO2 [71] is proposed similarly 

to RuO2. However, the crystallinity of the material has to be optimized to achieve higher 

electronic conductivity and higher ionic conductivity together. In order to compensate for 

the low conductivity, more conductive materials[13], [86], [87] such as CNTs, graphene, 

nanoporous gold were incorporated into thin MnO2, all of which result in higher energy 

storage and power performance.   

3.1.1.2.3 Conjugated Polymers 

Conjugated polymers also show high capacitive behaviour similar to transition 

metal oxides. In addition to their high charge storage capacity; low cost, high 

conductivity and a high voltage window makes conjugated polymers attractive as 

supercapacitor electrode[88]. The only problem with these materials is their poor stability 

due to mechanical degradation[89].  

Polyaniline (PANI)[90], polypyrrol (PPy)[91], polythiophene (PTh)[92] and their 

derivatives[93] are typical polymers studied as supercapacitor electrode. The high charge 

storage capability of these materials is based on reversible Faradaic redox reaction on the 

polymer backbone. Ions inserted throughout the bulk polymer structure during the 

charging process and generate delocalized “n” electrons on the polymer chain by doping 

it with negative or positive charges. This process does not cause any structural change; 

therefore, doping/de-doping of the conjugated polymers is highly reversible. On the other 

hand, the insertion and de-insertion of ions into the polymer causes significant swelling 

and shrinking during charge storage which results in mechanical degradation and lowers 

the stability performance (70% after 1000 cycles for PANI)[94].  
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In order to enhance the stability of the conjugated polymers, nanostructured 

polymers were fabricated such as PANI nanowhiskers. Having nanostructured 

conformation balances the volumetric changes and also improves the ionic diffusion 

process by enhancing the channels. High cycle stability is observed with nanowhisker 

PANI (95% capacitive retention after 3000 cycles)[95].     

Another approach for improving the cycle stability of conjugated polymers entails 

fabricating hybrid structures with carbonaceous materials such as CNTs, graphene. These 

hybrid structures show improved conductivity, mechanical stability and processability. 

For example, PANI/CNTs hybrids exhibits such high capacitances (1030F/g) with high 

cycle stability, i.e. 95% retention after 5000 cycles [96].  

3.1.2 Electrolytes  

The electrolyte is the liquid medium containing mobile ions for charge transfer 

and storage. The type of electrolyte is important for charge storage because the applied 

potential range is determined by the properties of electrolyte such as its chemical 

stability. Also, the potential range has a substantial effect on the stored energy density. 

That is so, since energy density, E, [66, p. 41] is given as  

  
 

 
    ,                                                           (7) 

where C is the capacitance and V is the potential range of the device. Secondly, low 

internal resistance is required for high power density devices[66, p. 41]. The conductance 

of the electrolyte has also substantial effect on the supercapacitor performance in terms of 

power density. Power density, P, is, 

  
 

   
                                                               (8) 
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where Rs is internal resistance of the device. There are three types of electrolytes: (i) 

aqueous electrolyte, (ii) organic electrolyte and (iii) ionic liquid.  

 

3.1.2.1 Aqueous electrolytes  

H2SO4, KOH, K2SO4 and Na2SO4 are common aqueous electrolytes used in 

supercapacitors due to their high ionic conductivities. The capacitance of the materials in 

aqueous electrolyte is also higher than organic electrolytes. The high conductivity and 

high capacitive behavior in aqueous electrolyte is due to the smaller hydrated ionic 

radius. Smaller hydrated ions can move faster due to electrophoretic effect and show 

higher ionic conductivity[97]. Also they can diffuse more into the smaller pores and 

result in higher capacitive performance. However, the potential window (1.15V) is 

limited in aqueous electrolytes due to water splitting. Since the energy density and power 

density depend on the potential window as stated in Eqn (7) and Eqn (8), power densities 

and energy densities in aqueous electrolytes are lower as compared to organic electrolytes 

and ionic liquids.  

3.1.2.2 Organic electrolytes  

In order to increase the potential range of a capacitor, organic solvents are used 

such as acetonitrile (MeCN) or propylene carbonate (PC) with quaternary ammonium 

salts or alkyl ammonium salts such as tetraethylammonium fluoroborate (TEA BF4). 

They provide better potential range up to 3.5 V. However, problems with handling of 

organic solvents limit their usage in supercapacitors as they are highly toxic and volatile. 

Also 3-5 ppm water content in these electrolytes decreases the performance of organic 

electrolytes by reducing the potential window[66].  
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3.1.2.3 Ionic liquids 

Ionic liquids are molten salts at room temperature and they can be used without a 

solvent as electrolyte[98]. The lack of solvent improves the potential range up to 6V, and 

enables the fabrication of EC devices fabricated from ionic liquids that have the highest 

energy density. However, ionic liquids have lower conductivities compared to aqueous 

and organic electrolytes due to their high viscosity at room temperature. In order to 

decrease the viscosity and increase the conductivity, charge storage needs to be 

performed at higher temperatures (60°C)[7].   

3.1.3 Separators  

For an EC device to have minimal internal resistance, the distance between two 

electrodes is made as short as possible. This is accomplished by use of a separator 

material between the two electrodes which must be electrically insulating and ionically 

conductive. It also provides a medium for mobile ions (electrolyte) to move in between 

two electrodes. There are two type of separators commonly used. The first are porous and 

insulating materials such as porous polymers (polypropylene)[7] or glasses[99]. The 

second type are gel electrolytes[100], [101], which can serve as both the separator and the 

electrolyte. Gel electrolytes enable thinner (10 µm) separator fabrication while typical 

porous polymer thickness is 25 µm[100].  

3.2 Electrochemical Characterization Techniques 

Capacitance (C) is the ability of a material to store charge (Q) per unit electrical 

potential (V). The stored charge can be determined using standard electrochemistry 

techniques [61] such as cyclic voltammetry, galvanostatic charge-discharge and 
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electrochemical impedance spectroscopy (EIS). In order to conduct these measurements, 

a potentiostat and a frequency analyzer are required.  

There are two different configurations of the electrochemical cell setup for 

analysis: (i) two electrode and (ii) three electrode configurations[66]. For complete 

supercapacitor devices with two active electrodes and a separator, the two electrode 

configuration is used. The capacitance measured on such configurations show the device 

capacitance, but does not provide the charge contribution from each individual active 

electrode directly. In order to characterize each individual electrode, the three electrode 

configuration is used. In this configuration, one active electrode (half cell) is used with 

two additional electrodes that are called the reference electrode and the counter electrode, 

respectively. The reference electrode is used to fix the potential of the system. Depending 

on the electrolyte type, there are various types of reference electrodes such as Hg/HgO 

for basic solutions and Hg/HgCl for acidic solutions. In order to complete the cell circuit, 

a counter electrode is used, which is chemically inert and electronically conductive, such 

as platinum or graphite. 

3.2.1 Cyclic Voltammetry (CV) 

Cyclic voltammetry is a type of potentiodynamic measurement technique used for 

characterizing the electrochemical behavior of materials[61]. In this method, the 

electrode potential is swept reversibly between two potentials and the resulting current is 

measured. The resulting I-V curve is called the cyclic voltammogram (CV). Typical CV 

curves of an ideal capacitor and capacitor/resistor are shown in Fig. 3.4. For resistor 

materials, current increases linearly by increasing the potential difference and the slope of 



36 
 

the curve give the resistance of device from which the resistivity of the material is 

obtained. Contrarily, ideal capacitors exhibit rectangular CV curves. The nature of the 

rectangular curve is based on the infinite resistance of ideal capacitors and the process of 

charge accumulation under applied DC potential. Instead of current passage from one 

electrode to the other, the charges accumulate on top of each electrode when a potential 

difference is applied to the capacitor. Then, the current initially increases sharply and 

saturates due to the charge storage capacity of the device. Similarly, when the potential 

sweep is reversed, the same trend is observed. The area in the rectangular curve 

corresponds to the stored charge in the capacitor.  

Stored charge (Q) is proportional to the potential difference (V) between 

electrodes[61], where the constant of proportionality is the capacitance (C), as shown in 

Eqn (9)  

    ,                                                            (9) 

By taking the derivative of this equation with respect to time, one obtains 

  

  
  

  

  
                                                           (10) 

where the first expression on the left hand side of Eqn (10)  denotes the so-called 

changing current I and the last expression denotes scan rate of the potential ν, such that  

                                                                     (11) 

Per Eqn (11), the current is proportional to the time rate of potential change with time 

(scan rate) and the slope gives the capacitance.  Typical CV curves for an ideal capacitor 

(double layer), capacitor with finite resistivity and pseudocapacitor are shown in Fig. 3.4. 
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The internal resistance and the ionic diffusion related to resistance cause a deviation from 

rectangular CV curves. Also, any Faradaic reactions cause a distinct peak in addition to 

the rectangular CV curve as shown in Fig. 3.4.  

 

Figure 3.4.  Comparison of ideal and real cyclic voltammograms [102] 

The area inside of the CV curve gives the capacitance of the material. By using 

the Eqn (12,13) gravimetric and volumetric capacitances can be simply calculated from  

vmV

IdV
Cg


                                                            (12) 

where Cg is the gravimetric capacitance (F/g), I is the current (A), ν is the scan rate (V/s), 

m is the mass (g) , V is the potential range, and 

 gv CC                                                      (13) 

where Cv is the volumetric capacitance (F/cm
3
) and ρ (g/cm

3
) is the density of active 

material. 
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3.2.1.1 Randles-Sevcik Equation 

EDLCs have rectangular CV curves similar to ideal capacitor and Eqn (11) can be 

conducted for EDLCs. However, additional reversible peaks arise for pseudocapacitive 

materials which correspond to oxidation and reduction processes for a reversible redox 

reaction. Typical CV curves for a reversible redox reaction and a pseudocapacitor are 

shown in Fig. 3.5. For a faradaic reaction, the peak current corresponding to charge 

transfer is calculated by using the Randles-Sevcik equation[103] 

                         ,                                     (14) 

where I is the peak current, n is the number of electrons transferred, D is the diffusion 

coefficient, A is the electrode area, ν is the scan rate and C is the concentration of 

electrolytes. Equation (14) shows that peak current is proportional to the square root of 

the scan rate (    ) for faradaic reactions, whereas for electrostatic charge storage, 

current is directly proportional to the scan rate (ν). These two current and scan rate 

relations Eqn(11) and Eqn(14) show that the contributions of charge storage from 

electrostatic double layer (ν) or faradaic reaction (ν
1/2

).  

3.2.2 Galvanostatic  Charge/discharge Complementary 

Capacitance calculated from CV measurements is sometimes inaccurate, because 

it does not account for the loss from the internal resistance. For an actual capacitance 

measurement, galvanostatic charge/discharge measurement provides better information. 

In this technique, the electrode is charged with a constant current rate and the potential 

change is recorded with time according to the reference electrode. An ideal capacitor has 
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a triangular galvanostatic charge discharge curve as shown in Fig. 3.5. Capacitance is 

calculated from discharging time according to the following equations. 

Vm

tI
Cg




                                                          (15) 

and 

 gv CC                                                          (16) 

where Cg is the gravimetric capacitance (F/g), Cv is the volumetric capacitance (F/cm
3
), I 

is the current (A), m: mass (g) , V is the potential range, t is the discharging time and ρ 

(g/cm
3
) is the density of active material.  

 

Figure 3.5. Galvanostatic charge / discharge curve[104].  

In actual devices, the internal resistance of the system results in a sudden potential 

fall during discharging as shown in Fig. 3.5. For ultimate supercapacitor, low internal 

resistance is required because a high internal resistance reduces the discharging time 

which reduces the capacitance of the device, in addition to limiting the operational 

potential. Since energy density and power density are proportional to the square of the 

potential window, the effect of the internal resistance is vital. Furthermore, power density 
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is also inversely proportional to the internal resistance. For high energy density and 

power density supercapacitor devices, low internal resistance is crucial.  

 

3.2.2.1 Energy Density / Power Density Calculations from Galvonastatic 

Measurements 

The energy density and power density of the supercapacitors are calculated 

according to the following equations: 

3600
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 EcmWhEv )/(
3                                                  (18) 

edischt

E
gWP

arg

3600
)/(


                                                     (19) 

 PcmWPv )/(
3                                                    (20) 

where CT is the total capacitance of the two-electrode cell, ΔV is the effective potential 

range during discharging process, tdischarge is the discharging time, ρ is the density of the 

electrode, E is the energy density and P is the power density.  

 

 

3.2.3 Electrochemical Impedance Spectroscopy  

Electrochemical impedance spectroscopy (EIS) gives more detailed information 

about the capacitive and resistive components of supercapacitor devices[105]. While the 

CV technique only provides the capacitance and the galvanostatic charge discharge 

technique provides additionally the internal resistance of the system, the overall 



41 
 

electronic components of a supercapacitor device are more complicated than just a 

capacitor and a resistor. Therefore, the EIS technique is more useful to obtain more 

information about each component of the device. 

As discussed in earlier chapters, the specific capacitance changes with the speed 

of the measurement due to the diffusion of ionic species in the electrolyte and the porous 

electrode. To introduce the time into the measurement, an alternating current (AC) probe 

is used. In this context, the term impedance replaces resistance in the I/V relationship and 

results in   

      
    

    
 ;      .                                                  (21) 

Typically, the impedance of a system[105] is measured by applying low 

amplitude alternative voltage ΔV to a steady potential Vs with             
   , 

where ω is the angular frequency. This applied potential leads to sinusoidal output 

current with              
        where   is the phase difference between the 

current and voltage. Since the impedance is given by 

        ,                                                        (22) 

One obtain Z in phasor notation (exponential coordinates) as  

                                                                 (23) 

which can be expressed as (Using Euler’s theorem) 

                                                                 (24) 
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where Z’ is real part of impedance, Z” is imaginary part of impedance, ω is the angular 

frequency and       . By using the real and imaginary parts of the impedance as 

function of frequency, Nyquist plots can be obtained to show the frequency response of 

the supercapacitor electrode[105]. 

Typical Nyquist plots are shown for an ideal capacitor in Fig. 3.7a that is modeled 

by a capacitor and a resistor in series (Fig. 3.6b), and other combination of capacitors and 

resistors (Fig. 3.6c, 3.6d). For real supercapacitor systems, a diffusion element called the 

Warburg term is also introduced to model diffusive species in the system (see Fig. 3.6e). 

By using such elements, equivalent circuit models can be developed to characterize and 

model supercapacitor systems. And , by modeling a quasi electrochemical system with 

EIS, the double layer capacitances, faradaic capacitances, ohmic resistances, and faradaic 

resistances with diffusion components (Warburg element) of the system can be obtained. 

Such AC measurements are typically carried in the 0.01 Hz and 100 kHz range.   

 

Figure 3.6. Equivalent circuit models and equivalent Nyquist plot are shown for 

capacitor (a), a capacitor and a resistor in series (b), a capacitor and a resistor in parallel 
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(c) and a resistor in series with another resistor and capacitor in parallel (d).[106] For 

electrochemical systems, the Warburg element is included as shown for graphene 

supercapacitor(e) [107]. 

 

3.3 Charge Storage Mechanisms 

As mentioned previously, there are two distinct charging mechanisms of ECs and 

these mechanisms classify the type of ECs. If the charge storage occurs on the 

electrode/electrolyte interface with pure electrostatic attraction without any 

electrochemical reaction (i.e., non-Faradaic), it is called electrochemical double layer 

capacitor (EDLC). If an electrochemical reaction occurs on the electrode/electrolyte 

interface during charging and discharging, the mechanism is called pseudocapacitive 

charge storage (Faradaic). Based on these mechanisms, ECs are classified as: 

(1) Electrochemical double layer capacitors (EDLC)  

(2) Pseudocapacitors 

 

3.3.1 Electrochemical Double Layer Capacitors  

In electrochemical double layer capacitors (EDLCs), charge accumulation occurs 

on the electrode/electrolyte interface via polarization under applied potential. The 

charging mechanism in EDLC based supercapacitors is purely electrostatic as in 

conventional capacitors. Fig. 3.8 compares and contrasts conventional and EDLC-type 

supercapacitors. 

Conventional capacitors are made of two metal plates separated with a dielectric 

medium[61]. The stored charge in such capacitors is 
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 ,                                                          (25) 

where C is the capacitance, ε is the permittivity of the medium, A is the area of the plate 

and d is the distance between the two plates as illustrated in Fig. 3.7a. Capacitance is 

proportional to the area of the metal plate and inversely proportional to the thickness of 

the dielectric medium. In order to increase the capacitance drastically, either the area of 

the plate can be increased or the plate separation can be decreased for a given medium. 

However, the capacitance enhancement with dimensional change were restricted by 

fabrication limitations and the tunneling effect[108]. Due to these limitations, typical 

conventional dielectric capacitors have capacitances on the order of microfarad per gram.  

 

Figure 3.7. Schematics of conventional capacitor (a), and electrochemical double 

layer capacitor (EDLC) (b).[9]  

Electrochemical double layer capacitors (EDLCs) have similar electrostatic chare 

storage mechanisms, but capacitances reaching up to 300 F/g which is five orders of 

magnitude higher compare to the conventional capacitors[109]. The enhancement of the 

capacitance originates from the charge storage mechanism of the electrochemical double 
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layer capacitance (EDLCs). During charge storage, no chemical reaction occurs on the 

electrodes (non-Faradaic) which enable very long service life.  Next, the salient aspects 

of the electrical double layer theory will be elaborated on to place the ensuing discussion 

on EDLC’s on a solid footing.   

3.3.1.1 Double Layer Phenomenon and Models 

Ideally when a charged, conductive surface is immersed in an electrolytic 

solution, it attracts the counter ions and repels the co-ions [110]. Also due to dipole 

interactions of the water molecules, a molecular water layer (~0.3 nm) separates the two 

surfaces which behaves as a dielectric medium in between a charged surface and counter 

ions (Figs. 3.7b, 3.8). This phenomenon is called double layer. 

 

Figure 3.8. Schematic representation of a double layer on an electrode (BMD) 

model [110]. 
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Double layer is an inevitable phenomenon on charged surfaces in electrolytic 

environment such as colloidal systems[111] and biological systems[112]. This 

mechanism enables small particles to be stably or metastably dispersed in a liquid 

medium without coagulation. Normally particles attract each other with van der Waals 

forces, but electrostatic repulsion of double layers of counter ions may cancel the 

attractive forces. For instance, milk is a mixture of water and butterfat globules[112].  

Double layers surround fat droplets and prevent coagulation to the butter inside of the 

milk. The theory of double layer is given by DLVO theory [113] ( Derjaguin, Landau, 

Verwey, Overbeek) and will be briefly discussed for completeness and continuity in the 

presentation although it is not the major forces of this study.    

The thickness of the double layer, which is also known as the Debye length, 

depends on the concentration of the electrolyte[113]. Typical electrolyte concentration is 

1M electrolytes, which leads to 0.3 nm double layer separation which is only one layer of 

water molecules between the charged plate and ions in the case of aqueous systems. 

Since water molecules behave as a dielectric material (relative permittivity of water, 

        ), the structure of the double layer can be used as capacitor. By thinning the 

separation of two charged plates to 0.3 nm, the capacitance can be increased by three 

orders of magnitude. However, capacitance calculations due to double layer formation 

are not as straightforward. Various double layer formation models have been proposed 

which are described concisely below. 

 

 

http://en.wikipedia.org/wiki/Boris_Derjaguin
http://en.wikipedia.org/wiki/Lev_Landau
http://en.wikipedia.org/w/index.php?title=Evert_Johannes_Willem_Verwey&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Theo_Overbeek&action=edit&redlink=1
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3.3.1.2 Hemholtz Double Layer 

Hermann von Helmholtz discussed the double layer theory for the first time in 

1857 [114]. He realized that when a charged metal plate was dipped into an electrolyte, 

co-ions were repelled from the charged plate and counter ions were attracted to the 

surface of charged plate. He estimated the capacitance from first double layer model as 

   
  

  
 ,                                                           (26) 

and 

    
 

   
 ,                                                         (27) 

where C is the capacitance, σ is the charge density, V is the applied potential, A is the 

surface area, ε is the dielectric constant of the medium between two charged layers, and 

dis the separation between two layers of charged electrode surface/center of the ionic 

layer.  

 

 

Figure 3.9. The illustration for a) Helmholtz model, b) Gouy-Chapman model, c) 

Stern and Grahame model[65].  
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He proposed that charge accumulation is completely electrostatic without any 

chemical reaction during double layer formation. In the Hemholtz model, the distribution 

of counter ions are well aligned on the surface of the charged surface as illustrated in Fig. 

3.9a.  

3.3.1.3 Gouy-Chapman Model 

In 1910s Louis Georges Gouy[115] and David Leonard Chapman[116] realized that 

the  capacitance of the double layer is not constant and depends on the applied potential 

and ionic concentration. They asserted that thermal motions make ions deviate from well 

ordered distributions on the charged surface. In order to solve this ambiguity, they 

introduced a diffuse layer concept to the double layer theory. By using Poisson’s 

equation, the charge density was recalculated. Also the Boltzman equation was used for 

charge distribution in the electrolyte. According to this theory, the electric field decays 

exponentially from the charged surface through the electrolyte and ions distributed 

according to the electric field.  

 

3.3.1.4 Stern model (1924)  

The Stern model[117] was proposed because of the failure of Gouy-Chapman 

model at highly charged surfaces. They introduced an immobile layer (Stern layer) on the 

surface of charged plate as illustrated in Fig. 3.9c. In this model, the double layer is 

combination of the Stern layer and the diffuse layer. 
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3.3.1.5 Grahame model (1947) 

Grahame proposed a model to account for the effect of specifically adsorbed ions on 

the surface[118]. According to his model, some ions or uncharged species can penetrate 

the Stern layer. If ions lose their solvation shell in close proximity to the charged 

electrode, they will be adsorbed specifically on the surface of the electrode as illustrated 

in Fig 3.9c. The double layer theory loses its validity for adsorbed ions and later the 

Grahame model turned out to be the base for such pseudocapacitive charge storage. In 

this model, the double layer was divided to three parts as illustrated in Fig. 3.9c. The 

inner Helmholtz layer comprised of uncharged solvent molecules and specifically 

adsorbed ions on the surface of electrode. The outer Helmholtz layer is the plane where 

the centers of the first solvated ions are closer to the electrode. Here, the diffuse layer is 

the region between bulk and outer Helmholtz layer.  

3.3.1.6 Bockris/Devanthan/Müller (1963) 

In this model, the contribution of solvent molecules on the capacitance was 

clarified[119] as depicted in Fig. 3.8. The relative dielectric permittivity of the water 

molecule on the charged surface is different than bulk water due to reorientation along 

the electric field. The relative dielectric permittivity of the first water layer in the inner 

Helmholtz layer is 6, second water layer is 32 and bulk water is 78.5.  This correction to 

the dielectric constant provides more accurate capacitance calculation from modeling. 

Currently, the BDM model is still deemed valid.  
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3.3.1.7 Failure of Classical Double Layer Model (BDM) 

Classical double layer model (BMD model) is valid for pores larger than 2 nm 

because of the need for space in double layer formation. According to previous 

studies[9], the capacitance is proportional to the accessible surface area. However, when 

pores are smaller than 2 nm, the linear relation between surface area and capacitance does 

not hold[69]. For such subnanometer pores, the normalized capacitance with surface area 

increases sharply due to confinement of ions. Here, the anomalous increase in the 

capacitance is attributed to the desolvation of ions. The deviation from linearity can be 

verified in Fig. 3.3 where one observes the steep increase in normalized capacitance 

300% for pore sizes in the vicinity of 1 nm.  

3.3.2 Pseudocapacitors   

Electrostatic attraction of charges leading to adsorption of ions on the electrode 

surface cause the double layer theory fails (Grahame model)[118]. Under these 

circumstances, a charge transfer occurs across the double layer and it raises the 

capacitance 10-100 times than that of the double layer capacitance[3]. This behavior is 

observed in noble metals[13], transition metal oxides and conjugated polymers. This 

mechanism is called pseudocapacitance due to the charge transfer (Faradaic) that is 

unlike the double layer theory (non-Faradaic). The charge transfer occurs via:  

(1) Adsorption on noble metals[13]  such as H adsorption on Pt and gold ( see 

Fig. 3.10c) 

(2) Surface redox reaction on transition metal oxidesas observed in RuO2 [3] (see 

Fig. 3.10b) 
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(3) Electrochemical doping/de-doping on conductive polymer based electrodes.  

In terms of the faradaic reaction, pseudocapacitors are reminescent to 

rechargeable batteries, but they have very high cycle stability (~10
4
) unlike rechargeable 

batteries (~10
3
). The main reason for low cycle stabilities in rechargeable batteries is the 

phase transformation associated with the intercalation process during 

charging/discharging[120]. On the other hand, charging/discharging does not cause any 

structural changes in the electrode of a pseudocapacitor. 

 

Figure 3.10. CV curves for porous carbon in acidic, organic and ionic electrolytes 

(EDLC)[64] (a), for RuO2 film (Redox)[61] (b), and for Pt (Adsroption)[121] (c). 

In order to show the difference between EDLCs and pseudocapacitive materials, 

typical cyclic voltammetry (CV) curves are shown in Fig. 3.10. The CV curve for EDLC 

is rectangular and represents ideal capacitor behavior in aqueous, organic electrolytes and 
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ionic liquids with increasing potential ranges (see Fig. 3.10a). Besides, hydrogen 

adsorption on platinum results in sharp peaks (see Fig. 3.10c) corresponding to charge 

transfer. Similarly, RuO2 has smoother peaks corresponding to the change in the 

oxidation state of RuO2 (Fig. 3.10b). The observed peaks in Figs. 3.10 (b,c) occurred over 

a certain potential range that signifies a potential dependent mechanism due to charge 

transfer by adsorption. The inner rectangular shape in Figs. 3.10 (b,c) corresponds to 

double layer charge storage, which suggested that pseudocapacitive materials are 

comprised of a double layer and pseudocapacitive charge storage mechanism. Generally, 

pseudocapacitive materials have ~5-10% double layer charge storage. 

Typical charge contribution per atom of accessible surface areas in various 

electrochemical systems as[61]:  

 Electrochemical double layer (EDLCs): 0.17-0.2 e
-
/atom 

 Pseudocapacitors: 2.5 electrons per electroactive material (redox),  

1 electron per noble metal atom (adsorption)  

 Batteries: 1-3 electrons per atom or molecules depending on the oxidation 

states of reagents and products.  

 

3.3.2.1 Pseudocapacitance Models 

Unlike the sole electrostatic attraction of ions, there is charge transfer occurring via 

adsorption/desorption in pseudocapacitors[61]. In order to calculate the current associated 

with adsorption, the degree of surface coverage of the adsorbed ions needs to be 

calculated using sorption isotherms[3]. Sorption isotherms describe the thermodynamic 
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equilibrium governing the adsorption of ions on the surface of a material at constant 

temperature under isobaric conditions. The ratio of surface coverage (θ) and uncovered 

surface (1-θ) for adsorption/desorption processes is given by  

 

   
    

  

                                                          (28) 

where K is the constant, C is the concentration of ions and F is the Faraday constant. 

Similarly the same formula can be used for the redox process by using the fraction of 

oxidized (X) and reduced (1-X) species instead of surface coverage (θ) and uncovered 

surface (1-θ). Then the capacitance can be derived from 

      
  

  
                                                         (29) 

and 

   
   

  
                                                         (30) 

which indicates a peak having the maximum capacitance at       as shown in Fig. 

3.12a.  

 

Figure 3.11. Variation of coverage (θ) and pseudocapacitance (  ) with electrode 

potential in accordance to Langmuir and Temkin isotherms (a). Variation of 
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pseudocapacitance and coverage with potential when more than one adsorbate is involved 

in the electrode  reaction (b)[122]. 

Typical isotherms[122] are shown in Fig. 3.11 and are currently under investigation 

for developing more comprehensive models describing charge storage in 

pseudocapacitors.  These isotherms once thoroughly studied and can be used to build a 

model for adsorption, intercalation processes and for the observed redox peaks observed 

on the cyclic voltammetry curves.  

The peaks observed in pseudocapacitive were modeled with isotherms as shown in 

Fig. 3.11a. The peak positions depend on the potential (V) and the peak widths depend on 

adsorbate-adsorbate interactions. If there is no interaction between individual adsorbates, 

Langmuir isotherm is valid. Otherwise, if there is a repulsive interaction between 

adsorbates, the width of peak increases and pseudocapacitive behavior is available over a 

large potential-region. Moreover, the presence of multiple oxidation results in overlapped 

peaks leading more rectangular CV characteristic as observed in RuO2 (Fig. 3.11b).     

3.3.3 Understanding the Charge Storage Mechanisms 

The abovementioned models were proposed for the ideal conditions and real 

systems are far from being ideal. In real systems, multiple mechanisms contribute to the 

charge storage. In order to differentiate which mechanism is responsible for the charge 

storage, various advanced experimental methods have been used up to now. The main 

focus on these advanced techniques is gathering data about the interface between the 

electrolyte and electrode surface. Knowing in-situ electrolyte organization in the pores 

and material morphology will enable to understand and model the charge storage more 

accurately.  
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The dynamics of the ions in the pores can be detected by sophisticated techniques 

including nuclear magnetic resonance[123] (NMR) spectroscopy, electrochemical quartz 

crystal microbalance[124], [125] (EQCM),   small angle X-ray scattering[126] (SAXS), 

etc. Then the acquired experimental data coupled in conjunction with computer models 

and can be used to simulate the capacitive charge storage mechanism[127]. This 

approach enables one to model charge storage in porous carbons with a high degree of 

accuracy. 

In pseudocapacitive materials, reversible surface redox reaction can be observed 

by probing the oxidation states of the transition metals. X-ray absorption near edge 

structure spectroscopy[53] (XANES) is a powerful technique to quantify the change in 

the oxidation states. This technique had been used to understand to explain the base of 

charge storage for the most investigated transition metal oxides (RuO2 and MnO2)[128], 

[129] and MXenes[130].  

 

Figure 3.12. Schematic illustration of the intercalation of cations between 

Ti3C2Tx layers. The interlayer spacing d increases after ion intercalation (a).   

Electrochemical in situ x-ray diffraction study of multilayer exfoliated Ti3C2Tx  in 1 M 

KOH solution (b) [8].  



56 
 

In layered materials such as MXene and birnessite type MnO2 supercapacitors, the 

cation intercalation also contribute to the charge storage similar to the rechargeable 

batteries[8]. Cations easily diffuse into interlayer gaps (Van der Waals gaps) and 

intercalation process dominate over the charge storage. Charge storage is proportional to 

the degree of intercalation which can be monitored by a comparably less sophisticated 

but more precise technique, XRD[8]. The in-situ XRD analysis proves that the interlayer 

separation depends on the size of intercalant and degree of intercalation as shown in Fig 

3.12. 

The macroscopic effects of the charge storage have been detected by dilatometry 

which show that such ion insertion cause a reversible volume expansion or contraction 

depending on the applied potential[131]. This phenomenon had been observed for most 

of the electrochemically charged supercapacitor electrodes including porous carbons, 

electroactive polymers, and transition metal oxides.  

 

Figure 3.13. Typical crossection of a dilatometer, working electrode is located on 

top of glass frit and any volume change is detected by displacement transducer (a). A CV 
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curve and corresponding volume change for porous carbon in organic electrolyte 

(b)[131].  

Here is a typical example of in-situ electrochemical characterization technique 

showing how charge storage affects the volume of the electrode via ion insertion. For 

example, the thickness change probed via dilatometry technique as shown in Fig. 3.13. A 

supercapacitor device is placed in between one stationary and one moveable plate of the 

dilatometer, and then any expansion or compression is sensed with a displacement 

transducer. By using this setup, activated carbon was used as supercapacitor electrode 

with narrow pores (<1 nm) in an organic electrolyte[131]. The volume expansion was 

observed at the end of both anodic and cathodic sweep. The change in the volume shows 

a continuous insertion / de-insertion of ions expanding the porous carbon with a height 

change of 1.5%.  

3.4 Chapter Summary  

A summary of supercapacitor technologies have been introduced in this chapter. 

The main components of the energy storage devices including active electrodes, 

separators and electrolytes to fabricate state-of-the-art supercapacitor devices were 

summarized. This was followed by the electroanalytic techniques required to measure the 

electrochemical charge storage capacity in these systems. To address the reason why 

electrochemical supercapacitors exhibited such a high charge storage performance, 

charge storage models were discussed. In the end of the chapter, advanced analysis 

techniques were briefly discussed by which light is shed on to such high charge storage 

capacity in electrochemical supercapacitors.  
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Chapter 4  Electrochemical Actuators 

Actuators directly convert energy into mechanical energy and produce either large 

displacement or large force. As such, they lend themselves to applications including 

micro/nano-elecromechanical systems (MEMS/NEMS), biomedical devices, and robotic 

engineering[132]. In general, actuator materials respond to an external stimulus[133]–

[136] (electric field, magnetic field, heat) by a reversible change in the mechanical 

property (shape, volume, and modulus) leading to an energy conversion to mechanical 

energy.  

Ideally, designing a feasible actuator system in robotics require a  material that 

can generate high mechanical force with large strain amplitudes, and exhibit high energy 

conversion efficiency as well as high cycle stability. Piezoelectric ceramics naturally such 

polymers exhibit high elastic modulus and generate high stress but produce low 

displacement, whereas electroactive polymers can induce high strains and displacement. 

However, exhibit low elastic modulus and generate low stress. Due to these limitations, 

the actual mechanical work done by these piezoelectric materials and electroactive 

polymers have remained low. In addition, piezoelectric systems require high potential 

gradient (10-100V/µm) and electroactive polymers have long term stability issues 

making them impracticable for some applications[132].  

Various types of actuator systems have been proposed with different energy 

conversion mechanism, the performances of which vary as shown in Table 1.  
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Table.1. Actuation performance of various materials   [137] 

 

Recent studies show that nanostructured electrochemical actuators can overcome 

aforementioned limitations associated with higher mechanical performance and lower 

operational potentials (< 5V) as an exemplified by nanoporous metals[138], [139] and 

carbon nanotubes[132]. Individual CNT fibers exhibit excellent mechanical and 

electronic properties, making them attractive candidate actuator material. However, the 

weak Van der Waals interaction between CNTs lowers the mechanical and electrical 
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performance of the CNT papers[132]. This is because the elastic modulus of the 

mechanically entangled CNTs (buckypaper) is three orders of magnitude lower than that 

of individual CNTs[132]. Attempts have been made to enhance the performance by 

wrapping DNA to CNT fibers, but their performance is still lower than individual 

CNTs[140]. Recently, graphene has shown similar actuation behavior. However, the 

restacking of graphene layers lowers the accessible surface area, which is further 

decreased the charge storage and deteriorated actuation behavior[141]–[143].  

 

Figure 4.1. Design principles for actuator systems with single rotational degree of 

freedom. A rigid body actuator (a)[144]. A rigid body actuator with compliant structure 
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(b). Compliant actuator with rigid body structure (c). A compliant body and actuator[145] 

(d). A hybrid compliant actuator and body (e)[146].  

To utilize the actuation in robotics, different design principles were illustrated in 

Fig. 4.1 such as rigid body actuators and compliant actuators. Compliant actuators have 

single a rotational degree of freedom without any rigid structure and hinges. Lack of rigid 

body and hinges reduces the number of parts, backlash, friction and wear which makes 

the mechanical systems clumsy[146]. Such advances in actuator materials will enable to 

develop compact, lightweight and efficient tools for robotics, biomedical devices and 

MEMS systems. As illustrated for single rotational degree of freedom for hydraulic 

systems, muscles and nastic plants in Fig. 4.1, the electroactive actuators with bending 

beam configuration may be categorized as electrochemical compliant actuators[146].  

 

4.1 Electrochemical Actuator Device Configuration and Electrode Materials 

Ideally, any electrochemically active material used in a supercapacitor can 

potentially function as an electrochemical actuator material. For instance, porous 

carbons[132], [142], [143] (CNTs, graphene, activated carbon), electroactive 

polymers[147], [148] (PPy, PANy), transition metal oxides[149, p. 5] (V2O5) and 

nanoporous metals[138], [139] (nanoporous gold, nickel) have been used as 

electrochemical actuator. Here, the actuator device configuration is similar to 

supercapacitors devices as shown in Fig. 4.2.[143]. In such devices, the main criterion is 

that all of the required components be flexible to carry out the mechanical deformation.  
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An actuator device and its actuation mechanism is depicted in Fig.4.2. In this 

configuration, two carbon-based electrodes are separated with a gel electrolyte. Here, the 

gel electrolyte is comprised of a polymer such as polyvinylidenefluride-co-hexafluoro- 

propylene (PVDF-HFP)[150] or polyvinylalchohol[151] (PVA) that is mixed with ionic 

liquid or aqueous electrolytes. Under electrical stimulus, the ion migration expands or 

contracts the active electrodes causing a bending displacement. Depending on the choice 

of electrolyte and electroactive material, the mechanism of actuation varies. More 

detailed information will be given in the next sections (4.4). 

 

Figure 4. 2. Schematic of electrochemical actuator device illustrated in steady 

state and stimulated state. (a-c) Different carbon-based electrode materials for actuators. 

Scale bar: 500 nm[143]. 

The performance of the actuator depends strongly on the crystal structure of 

[132], [149] and pore distribution[139] in the material. If the material has isotropic 
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properties, the expected volume change is isotropic. However, anisotropic materials such 

as layered materials or nonuniform pore distribution are expected to cause anisotropic 

actuation [139]. The abovementioned materials generally have anisotropic crystal 

structures [132], [149, p. 5], pore distribution[139] or anisotropic grain orientation[152]. 

For instance, electrodeposition or stretching the electroactive polymers results anisotropic 

backbone orientation and the actuation performance strongly depends on the orientation 

[152].  

4.2 Electrochemical Actuation Measurement Techniques 

A typical volumetric electrode deformation due to charge storage can be 

monitored by measuring either the thickness change (out-of-plain strain) or length change 

(in-plane strain) on the electrode. The thickness change can be tracked via special 

techniques such as displacement transducer (dilatometer)[131], fiber optic displacement 

sensor (25nm)[153] or atomic force microscopy (<1nm)[154] with high precision. On the 

other hand, regarding the length is much longer than the thickness; the elongation rate for 

the length is much higher the thickness change for the same strain. Therefore less precise 

systems would be enough to measure the elongation such as the laser displacement 

test[142].  Another approach to quantify the actuation is amplifying the displacement via 

bimorph actuator configuration which can be monitored with a CCD camera[147]. 

Depending on the magnitude of the deformation, one of the above mentioned sensing 

systems can be selected.  

For example, Gaffari et. al.[153] prepared highly oriented graphene and measured 

the thickness change during charge storage via fiber optic displacement sensor as shown 
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in Fig. 4.3. They obtained varying expansion rates up to 50% depending on the potential 

range and selected ionic liquid (Fig 4.3c). Gaffari et.al proposed that the huge strain is 

because of the ingression and/or depletion of mobile ions in the nano-pores in order to 

compensate the charges on MEGO electrode (Fig 4.3b). Such high magnitude of 

expansion is exciting, but the frequency response is very low as shown in the elapsed 

time for the reported performance in Fig 4.3c. Furthermore, the mechanical strength of 

graphene in the actuation direction is very low (9-67 MPa)[153].   

 

Figure 4.3. SEM image of highly oriented MEGO sheets [153](a). Illustration of 

ion ingression into narrow MEGO pores leading the ionic electroactuation (b). Applied 

voltage vs electroactuation strain in BMIM BF4 electrolyte (c).  

Xie et al[155] fabricated graphene strips and analyzed the length change under 

electrochemical induction in aqueous electrolyte. They used an apparatus to sense the 
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strain by reflected laser and displacement sensor shown in Fig. 4.4. Up to 0.85 % strain 

along the graphene strip has been observed.  

 

Figure 4.4 Graphene actuators[155]. The apparatus used for characterizing 

the length change along graphene film under load (a), the image of a final fabricated 

device (b). 

Xie et al.[142] also modified two opposite surface of graphene with oxygen and 

hexane plasma (Fig. 4.5b) to obtain one side of the graphene strip electrochemically 

active while keeping the other side inactive. Such modification induces uneven actuation 

trough asymmetric charging/discharging along the two opposite sides of monolithic 

graphene film. Under an applied potential, the active side stores charge and expands, 

while the other side stay passive. Therefore, the asymmetrically modified graphene film 

bends in the same way as that a bimetallic strip. Small lateral (in-plane) expansion or 

contraction results in large displacement by bending of the film. The authors propose that 

the strain is based on the change of the C-C bond length due to charge injection instead of 

intercalation. They found that the interlayer separation did not change during 

electrochemical induction according to their XRD study. Therefore,  the intercalation 

javascript:popupOBO('CHEBI:36973','C0JM03926H','http://www.ebi.ac.uk/chebi/searchId.do?chebiId=36973')
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mechanism was ruled out. A detailed elaboration of electrochemical actuation 

mechanisms and the mechanics of bimorph actuators is provided in what follows.   

 

Figure 4.5. Graphene based bilayer actuator. Crosssection of SEM image of 

graphene (a). Illustration of asymmetric surface modification of graphene (b). Curvature 

change of modified graphene (c) and orresponding strain values under applied 

potential.[142]  

4.3 Bimorph Actuators 

Bilayer actuators consist of at least one active layer and one passive layer as 

shown in Fig. 4.6. In this configuration, a slight difference along the lateral dimensions 

bends the bilayer film, causing large flexural displacement. By using this approach, the 

electrochemical stimulus is directly transformed to mechanical response in the form of a 
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large displacement, which can be used in robotics, optical fiber switches and microscopic 

pumps in principle [132].  

 

Figure 4.6. Schematics of displacement measurements of actuator[156].   

On a single strip actuator material, the volume change elongates the strip which 

can be easily quantified by dividing the elongation by the length of the strip[132]. On the 

other hand, the strain calculation is more complicated for the bilayer systems, because the 

strain distribution in bending beam is not homogenous due to the passive layer which 
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constrains the elongation of the active layer. A typical strained and bent bilayer system is 

illustrated with stress gradient along its cross section in Fig. 4.6b.  

The actual strain on the active electrode is not equal to the induced actuation 

strain due to the presence passive layer. Because of this reason, the degree of bending 

were used to compare the actuation performance in some studies[142]. The degree of 

bending is quantitative measure of the curvature induced in the beam which is 

representative of deformation. In light of recent mechanical models[157], the actual 

deformation (represented as a strain) is calculated by taking into account the effect of the 

passive layers.  

First attempts to model the mechanics of bilayer systems has been developed by 

Timoshenko[158] for bi-metal thermostats where differential thermal expansion of the 

two metals induce bending displacement. These models were modified and used for 

electrochemical actuators in which only one layer contributes to the actuation[147], 

[148]. In these models, the small angle approximation is used to extract the curvatures 

from small displacements which are comparably lower than actuator length. For large 

deformations, this approximation is not valid and further modifications were developed 

for bilayer[139], [159] and multilayer actuators[157], [160]. It has been shown that there 

is a linear relation between the bending curvature of the beam and the induced strain on 

the active electrode as a function of thickness and elastic modulus of each 

layer[157].Since, the degree of bending is proportional to the strain; a coefficient was 

derived for multilayer actuator systems[157]. Then the curvature (κ) is 

       ,                                                            (31) 
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where    is the strain coefficient and    is the actuation strain. The computational 

approach to derive the bending mechanics of bimorph actuators are discussed in the 

following section.   

  

4.3.1 Mechanical Calculations  

Typical bending motion of a multilayer beam due to active layer 

expansion/contraction is shown in Fig. 4.6(a,b). The lateral expansion or contraction of 

the active layer creates a surface stress at the interface leading a bending deformation on 

the beam. Corresponding strain distributions along the bent beam cross section varies 

whith tensile strains at the convex surface, and compressive strain at the concave surface 

and zero strain at the neutral plane. The bending strain can be calculated from the 

normalized difference in the circumferences at a distance from the neutral plane 

according to[157] 

                        (32) 

and 

                                             (33) 

where  is the initial strain at =0,  R is the radius of the bent film, c is the 

corresponding circumference for the radius,  is the bending curvature and    is the 

distance from the neutral plane. The corresponding stress is given by  

                )                                              (34) 
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The bending force and moment is calculated by integrating the stress along the cross 

section. By using 

       
 

 
               

 

 
dz                                           (35)   

and  

        
 

 
                  

 

 
                                       (36) 

 

However, it is difficult to define the neutral plane for multilayers, since the 

mechanical and geometric properties of each layer need to be taken into account. Hence, 

further derivation is required to find the relation between curvature and induced strain.   

At the equilibrium in a bent beam, the total force and moment are zero. 

Considering      = A,       = B,        = D, the force and moment can be written 

as,  

                                                                     (37) 

and  

                                                                    (38) 

where A is the extensional stiffness, B is bending-extension coupling stiffness and D is 

bending stiffness. The relation between curvature and induced strain for multilayer beam 

can be obtained by integrating the force and moment equations as a function of the 

thickness and Young’s modulus. For bilayer beam, the equation for curvature is; 

   
                  

              
       

      
   

  
                                             (39) 

with         ,         , h is the layer thickness and E is the elastic modulus.  

Similarly, for trilayer beam, the curvature is 
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                                                               (40) 

where 

                                                                         (41) 

                                                                 (41) 

                                                                  (42) 
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Since only one active layer contribute to the actuation, the curvature for three layer 

electrochemical actuator can be approximated as,  

  
                            

               
                                            (46) 

 

4.2.2 Work Density Calculations  

The volumetric    ) and gravimetric    ) work densities  of single layer and free 

restacked 1T phase MoS2 film are typically calculated with[132]; 

   
   

 
                                                                  (48) 

   
   

  
                                                                  (49) 

In constrained systems such as bending beam, the active material is not free to 

move under the strained state, the residual force causes the beam deflect. Then the work 

(W) in bending the beam is determined by the product of the bending moment M and the 
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bending angle θ which can be obtained by bending curvature and actuator length[157]. 

The curvature can be represented by the ratio of bending moment (M) to the bending 

stiffness (EI) according to Euler beam theory [157]. Then the work is 

  
  

 
 

   

 
                                                               (50) 

and  

  
 

  
                                                                         (51) 

then, 

  
   

   
                                                                       (52) 

Integrating previously constructed moment equations for multilayer actuator, the moment 

is obtained as 

  
     

              

 
       

              
                     (53) 

and the bending stiffness is 

   
     

              

               
 .                                                         (54) 

 

4.4 Electrochemical Expansion Mechanisms 

Nanoporous materials have extremely high surface to volume ratios enabling 

large amount of charges to be stored on the surface electrochemically. This mechanism is 

the basis of electrochemical supercapacitors. Moreover, the electrochemical charge 

storage reconstructs the space-charge region at the electrode/electrolyte interface. Such 

charge redistribution on the surface affects the interatomic bonds and the distance 

between atoms via double layer formation[132], [161], ion intercalation[149], [153] or 

Faradaic reaction[139], [149]. If these charge storage mechanisms render a macroscopic 
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change on the electrode dimensions, these materials can be used as electrochemical 

actuators.  There are some electrochemical actuation mechanisms were proposed to 

explain the relation between charge storage and actuation.  

4.4.1 Ion Intercalation/de-intercalation 

If pore size is comparable or smaller than the ion size, ions intercalate through the 

narrow pores during the charge storage, and then the ion intercalation causes an 

expansion in the electrode [153]. This mechanism provides large expansion values (up to 

60%). However, this mechanism is active only at low frequencies which is not desired in 

the actuator systems.  

4.4.2 Faradaic Redox Reaction 

Faradaic redox reaction were proposed as possible actuation mechanism for 

pseudocapacitive materials such as V2O5[149], NiO[139] and PPy[157]. In these systems, 

the actuation was attributed to the dimensional changes related to redox reaction. Such 

redox reactions lead a change on the oxidation state and the bond length of the 

electrochemically active materials.  

4.4.3 Quantum Mechanical and Electrostatic Effect  

An applied voltage injects electronic charge to the electrode which is 

compensated by ions at the interface of the electrode/electrolyte (double layer)[132], 

[135]. For low charge densities, injected electrons expand C-C bonds and injecting holes 

contracts C-C bonds on the carbon surface (CNTs, graphene). The typical calculated 

strain value for quantum chemical based strain is 0.2%. For high-density charge injection, 
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the double layer enhances the strain to 1% according to theoretical[135] and 

experimental[132] studies as illustrated in Fig. 4.7.  

 

Figure 4.7. Illustration of strain with charge injection and DL assisted strain (a). 

The strain comparison between charge injected and double layer assisted charge injection 

mechanisms (b)[135]. 

4.5 Chapter Summary 

A brief summary of the actuator technologies was presented in this chapter. The 

focus was on the electrochemical actuators and a brief summary was provided regarding 

their structure. The effect of anisotropy on the electrode expansion and actuation 

behavior was highlighted. To quantify the actuation performance, different types of 

actuation behaviors and their electromechanical analysis were described, including 

bending beam actuators. To evaluate the results, the bending mechanics and models were 

derived. Finally, different actuation mechanisms were briefly discussed to shed light on 

the relation between actuation and charge storage. The statement of the problem and 

method of attack will be discussed in the next section.  
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 Problem Statement and Solution Strategy 

MoS2 has a 2H phase crystal structure that exhibits semi-insulating electronic 

behavior[39],
 
and therefore may not immediately appear attractive as an electrode 

material for energy storage. Indeed, only a few studies have described the 

electrochemical charge storage properties of MoS2 electrodes [18]–[22]. To enhance the 

electrical conductivity, hybrid electrodes composed of graphene/MoS2 (ref. [21]) and 

polyaniline/MoS2 (ref. [22]) have been investigated. To date, however, the 

electrochemical storage performances obtained with either pure or hybrid 2H phase MoS2 

electrodes have been relatively modest compared with those of graphene[15], [16].  

Recent prior work demonstrated that it is possible to convert semiconducting 2H 

phase of MoS2 to the metallic 1T phase by chemical exfoliation of bulk MoS2 using 

organolithium chemistry [50]. This metallic phase has 10
7
 times higher conductivity than 

the semiconducting phase [24]. In terms of layered structure and high conductivity, 

electrochemically, 1T MoS2 might behave like EDLC type materials. Besides, 

molybdenum is a transition metal and 1T MoS2 might behave as a pseudocapacitive 

materials. To date, there is no report on the electrochemical charge storage behavior of 

1T MoS2.  

The aim of this work is to evaluate the 1T phase MoS2 as supercapacitor electrode. To 

succeed this goal, 

1. A suitable procedure to fabricate the 1T phase of MoS2 as a supercapacitor 

electrode will be developed.  
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2. The electrochemical performance of 1T MoS2 in various electrolytes will be 

investigated and compared our findings with other materials.  

3. Ex-situ XRD and in-situ Raman analyses will be performed in order to 

comprehend the storage mechanisms by characterizing the structural changes 

associated with charge storage.  

4. The electrochemomechanical behaviour of 1T MoS2 using bimorph electrode 

configuration in different electrolytes will be analyzed and compared to our 

findings with other electrochemical actuator materials.  
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Chapter 5. Experimental Results 

5. Material Synthesis, Electrode Fabrication and Material Analysis 

This chapter describes the procedures of the material synthesis, electrode 

fabrication and material characterization in detail. Material synthesis included 

organolithium chemistry to lithiate and exfoliate bulk MoS2 powder to a monolayer 

mostly 1T phase MoS2.  

 

5.1 Lithiation and Chemical Exfoliation of MoS2 

Chemically exfoliated MoS2 was synthesized by lithium intercalation into bulk MoS2 

powder as reported previously [162]. Specifically, 3 mL butyl-Lithium (Sigma Aldrich) 

were added to 0.3 g bulk MoS2 powder under argon and heated up and refluxed under 

argon for 48 h. The mixture was then filtered and washed with hexane (5 x 25 mL) to 

remove excess butyllithium (Fig. 5.1). The intercalated powder was then exfoliated in 

water at 1.5 mg/mL sonicated for 1 h and centrifuged to remove lithium cations as well as 

the non-exfoliated materials.  

 

Figure 5.1. Schematics of chemical exfoliation of MoS2. 
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5.2 Restacking of Exfoliated MoS2 for Electrode Fabrication 

The suspended chemically exfoliated single layer MoS2 nanosheets were filtered over 

nitrocellulose membranes (25 nm diameter pore size) and then transferred on 100 nm 

gold coated quartz or 125 μm polyimide substrate (see Fig. 5.2). The membrane was 

finally dissolved by using acetone. The thickness of the restacked 1T MoS2 film was 

varied from 1 µm to 5 µm depending on the volume of the MoS2 solution filtered. 

Restacked samples were stored under vacuum.  

 

Figure 5.2. Schematics of restacking process of MoS2 by vacuum filtration (a). SEM 

images of restacked MoS2 (b, c). 

5.3 Fabrication of Chemically Exfoliated 2H Phase MoS2 Electrodes 

The 2H phase of MoS2 can be restored by annealing the as-exfoliated 1T MoS2 

electrode at 300
o 
C under inert argon atmosphere. The 1T MoS2 electrodes were placed in 

a quartz tube and the atmosphere was evacuated for 15 min. The electrodes were then 

annealed at 100
o 

C, 150
o 

C, 200
o 

C, 250
o 

C and 300 
o
C for 15 min under Argon with 80 

sccm flow rate.  
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5.4 Physical Characterizations 

In order to ascertain that each chemical exfoliation, restacking, and phase 

transformation processes were successfully completed, various characterization 

techniques were brought to bear. Firstly, single layer MoS2 flakes were analyzed with 

scanning electron microscopy (SEM). Secondly, X-ray photoelectron spectroscopy (XPS) 

and Raman spectroscopy were used to analyze the phase transformation. Thirdly, the 

crystal structure and morphology of restacked MoS2 were characterized with X-ray 

diffractometer (XRD) in conjunction with SEM in order to determine the orientation of 

flakes, and restacking order.  

5.4.1 Characterizing Chemically Exfoliated Single Layer MoS2 

 SEM imaging was performed using a Zeiss Sigma Field Emission SEM with 

Oxford INCA PentaFETx3 EDS system (Model 8100). Chemically exfoliated single 

layers of MoS2 were transferred on silicon substrate. As shown in Fig.5.3, SEM image, 

MoS2 layers were efficiently exfoliated toward single layer MoS2 with large flake size 

distribution.  

 

Figure 5.3. SEM images of as-exfoliated single layer 1T phase MoS2 nanosheets.  

1 µm 
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5.4.2 Characterizing Phase Transformation from 2H to 1T MoS2 

5.4.2.1 Raman Spectroscopy 

The Raman spectra were obtained using a Renishaw inVia system operating at 514 

nm (2.41 eV). The presence of 1T phase of MoS2 was identified from the presence of E
1

g, 

J1, J2 and J3 peaks.  

 

Figure 5.4. Raman spectra of chemically exfoliated 1T MoS2 compared to 2H 

MoS2. 

5.4.2.2 X-ray Photoelectron Spectroscopy (XPS) 

XPS analysis of chemically exfoliated and restacked MoS2 is shown in Fig. 5.5. By 

deconvoluting the doublet peak in Fig. 5.5a, the phase content of MoS2 was found as 70% 

1T phase and 30% 2H phase of MoS2.  In addition to the 1T content, XPS also confirmed 

the absence of oxidized molybdenum or sulfur as can be seen in Fig. 5.5. 
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Figure 5.5. High-resolution x-ray photoelectron spectrum from the Mo 3d region of 

as-exfoliated 1T MoS2 (a). and from the S2p region (b). XPS survey spectrum for as-

exfoliated 1T MoS2 (c). 

 

5.4.3  Characterizing Restacked MoS2  

5.4.3.1 X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) experiments were carried out using a X-ray diffractometer 

from PANAnalytical (model PW3040/60) using a Cu Kα radiation source (λ = 1.5418Å). 

As shown in Fig. 5.6., the x-ray diffraction patterns of bulk powder and restacked films 
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of nanosheets reveal a broad (002) peak for restacked MoS2. The (002) peak, which is 

attributed to the interplanar spacing between the nanosheets (6.15 Å), is the most intense 

peak but the presence of a new (001) peak at 2θ ~ 7.3° indicates an additional mean 

separation of ~ 6 Å between the layers during restacking. The broadness of the (002) 

peak and the presence of the (001) peak indicate that the nanosheets are randomly 

arranged during restacking with large spacings between the layers. 

 

 Figure 5.6. X-ray diffraction of bulk MoS2 compared to as-exfoliated restacked 

MoS2. 

5.4.3.2 Scanning Electron Microscopy (SEM) for Restacked MoS2 

 The cross section of SEM images of restacked MoS2 reveals that the layers were 

well oriented on the substrate horizontally. The thickness of each restacked film was 

measured from cross sectional SEM images as well (see Fig. 5.7).  
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Figure 5.7. Side-view of the electrode observed by scanning electron microscope 

(SEM) showing the layered nature of the film made by restacking exfoliated MoS2 

nanosheets (a). High magnification image of restacked MoS2 nanosheets (b).  

 

5.4.3.3  Measurements Contact Angle 

We measured the contact (wetting) angle by the sessile drop technique using a droplet 

of water of 5 µL volume on the 1T MoS2 film and measured the angle formed by the 

liquid and solid phases. The contact angle was found 28°, which is much lower than the 

wetting angle on quartz (79°), indicating the high hydrophilic nature of the 1T phase 

MoS2. 

 

Figure 5.8. Static contact angle images of 1T MoS2 film compare to quartz.  

 

 

 

1T MoS2: 28o Quartz: 79o
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5.5  Chapter Summary 

Organolithium chemistry was used to exfoliate bulk MoS2 powders into single 

layered nanosheets [44], [50]. The flowchart of the synthesis method used is depicted in 

Fig. 5.1. [50]. This method yields 100% monolayered MoS2 nanosheets that are 

suspended in water. Thick films or “paper” of 1T MoS2 were obtained by filtration 

technique which enables one to restack the suspended nanosheets (see Fig. 5.2.). After 

exfoliation, the nanosheets are rigorously cleaned with hexane and de-ionized water to 

completely remove the residual organolithium contamination. The structure and phases of 

exfoliated nanosheets were assessed by Raman spectroscopy as shown in Fig. 5.4, and by 

x-ray photoelectron spectroscopy as depicted in Fig. 5.5. The two polymorphs of single-

layer MoS2 were identified from the Mo3d and S2p peaks in XPS. It was reported that the 

components of the 1T phase appear at a lower binding energy (~ 0.9 eV) compared to 

their 2H phase [50], [163]. Upon deconvoluting the Mo3d and S2p peaks of chemically 

exfoliated MoS2, the 1T phase content of the nanosheets was found ~ 70 %.  
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Chapter 6.  

6. Electrochemical Characterizations 

MoS2 electrodes were prepared on gold current collector for electrochemical 

analysis as discussed at previous chapter. These analyses were performed in aqueous and 

organic electrolytes.   

6.1 Electrochemical Measurements in Aqueous Electrolytes 

Electrochemical analyses were performed with three-electrode cell configuration in 

0.5 M H2SO4, Li2SO4, Na2SO4, K2SO4, KCl or KBr electrolyte solutions. Restacked 

MoS2 films on gold contact were used as the working electrode. Saturated calomel 

electrode (Hg/HgCl) and platinum electrode were used as reference and counter 

electrode, respectively. Alternatively, a graphite rod was used as counter electrode in 

H2SO4. Electrochemical measurements were conducted using a Solartron Multistat 1480 

in conjunction with Solartron 1260 Frequency Response Analyzer. For a fair comparison 

of their electrochemical behavior, working in different electrolytes, electrodes were 

prepared with the same thickness of MoS2 and their masses were normalized with the 

electrode surface. 

 

6.1.1 Cyclic Voltammetry 

Cyclic voltammetry data were collected between -0.15 V and 0.85 V as a function of 

normalized hydrogen evolution (NHE) for neutral electrolytes; and between -0.15 V and 

0.45 V vs NHE for acidic electrolytes. The operational potential ranges were chosen such 

that hydrogen evolution (HER) at low potentials and the oxidation of MoS2 at high 

potentials were avoided.   
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6.1.1.1  In Neutral Electrolytes 

Fig. 6.1(a,b) shows typical CV curves that were obtained scan rates ranging from 5 

mV/s to 1000 mV/s for 0.5M Na2SO4. Rectangular shape CV characteristics were 

observed even at very high scan rates which indicate that 1T MoS2 exhibits capacitive 

behavior.  

 

Figure 6.1. CVs of 1T phase MoS2 electrodes in 0.5 M Na2SO4 from 5mV/s to 1000 

mV/s (a,b). Capacitance remains virtually constant up to scan rate of 100 mV/s. (c) 

For better comparison, standard cyclic voltammograms were recorded at different 

scan rates and transformed to the capacitance vs potential plots (Fig. 6.1c) by using Eqn 

(8). It clearly shows that current are proportional to the scan rate. However, a small peak 

at 0.05V vs NHE shows that there is deviation from ideal capacitive behaviour which can 
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be attributed to the redox reaction due to active spots or untransformed 2H phase MoS2. 

The idea of current increment with scan rate was discussed at the chapter 3. For 1T MoS2, 

the current mostly increased proportionally to scan rate “ν” similar to ideal capacitors.   

Similarly, 0.5M Li2SO4 and K2SO4 were scanned with the same potential range of 

0.5M Na2SO4, and reminiscent CV characteristics were observed for all three electrolytes 

(Fig. 6.2a). The capacitances were found to decrease in the order as        
        

 

      
.  Since all three electrolytes have the same anionic group, cations should be 

responsible for different capacitive behaviour.  

 

Figure 6.2. Comparison of the CV curves of 1T MoS2 in electrolytes with different 

cation but the same anion (0.5M Li2SO4, Na2SO4 and K2SO4) (a), and electrolytes with 

different anion but the same cation (0.5 M K2SO4 and 1 M KCl) (b).  

To elucidate whether the cations or anions intercalate into the electrodes, two 

electrolytes with different anions were tested. The CVs in K2SO4 and KCl are shown in 

Fig. 6.2b. It can be seen that the CVs for both electrolytes are nearly the same despite the 
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large difference in anion radii, suggesting that the cation is intercalating into the 

electrode. 

6.1.1.2  In Acidic Electrolyte 

In acidic electrolyte conditions (0.5M H2SO4), MoS2 exhibits different CV 

characteristics as shown in Fig. 6.3. Unlike neutral electrolytes, there is more deviation 

from rectangular CV characteristics. The deviation starts below 0.3V and increases with 

increasing scan rate. This behaviour can be attributed to electrosorption of protons and 

pseudocapacitive charge storage contribution under acidic conditions. However, the 

potential range (0.6V) is much lower than that of neutral electrolytes (1V) because of 

early oxidation potential in acidic electrolytes. The low potential range is a limiting factor 

for MoS2 in supercapacitor electrode applications.  

 

Figure 6.3. CV characteristic of 1T phase MoS2 in 0.5M H2SO4.   
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6.1.1.3  Thickness Effect 

In order to determine whether the charge storage is a surface phenomenon or an 

intrinsic material behavior, electrodes were prepared with two different thicknesses; 1µm 

and 5µm. As shown in Fig. 6.4, 1T MoS2 possess similar gravimetric capacitance for 

both thicknesses as studied. This result suggests that charge storage is not a surface 

phenomenon; it is an intrinsic material behavior where the gravimetric capacitance does 

not change with increasing film thickness. 

 

Figure 6.4. Thickness effect on the capacitance of 1T MoS2 at 5mV/s scan rate (left) and 

100mV/s scan rate (right) in H2SO4 (a,b) and in Li2SO4 (c,d). 
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However, the capacitance values decrease at higher scan rates. Since the thicker films 

possess longer pathway for ionic insertion, it is inevitable to have a longer charge 

response delay. Also thicker films have much lower capacitive performance with Li2SO4 

electrolyte as compared to H2SO4 at high scan rates (see Fig. 6.4d).  Since Li
+
 ions are 

larger than protons, the thickness induces more reduction in the capacitance as compared 

to the case of protons.  

6.1.1.4  2H and 1T phase MoS2 Comparison  

The 1T phase MoS2 has 10
7
 times higher conductivity than the 2H phase MoS2 

and one does expect a substantial impact of phase transformation on capacitance due to 

changes in conductivity. Therefore, it is important to show the difference in the 

capacitive behavior between the 2H and 1T phases.  

As mentioned earlier, the chemical exfoliation and restacking process yielded 

70% 1T phase of MoS2 that showed high capacitance. In addition to high conductivity of 

metallic 1T phase of MoS2, the chemical exfoliation and restacking process results in a 

disturbed structure and negatively charged surface behavior. The material conductivity 

and surface properties were enhanced by chemical exfoliation and restacking process, 

resulting in properties that are both desired in electrochemical capacitors. Since there are 

two variables in the system (High conductivity and distorted structure), it is early to 

ascribe all observed phenomena to the phase transformation. Distinguishing the 

contribution of high conductivity and disturbed structure require further explanation.   

As we discussed in Chapter 2, 1T MoS2 gradually relaxes back to 2H phase if 

annealed at temperatures up to 300°C.  Therefore one can obtain MoS2 with various 

1T/2H phase ratios by annealing 1T MoS2. We gradually anneal samples at 100°C, 
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150°C, 200°C, 250°C and 300°C under inert argon atmosphere, and then measured the 

CV response (Fig. 6.5a). The annealing temperature dependence of capacitance is shown 

in Fig. 6.5b where it shows that the capacitance decreases with increasing annealing 

temperature.  

 

Figure 6.5. Comparison of the CVs and the capacitances at different annealing 

temperatures (a,b). 

   

6.1.1.5 Comparison of All Aqueous Electrolytes 

The specific capacitance as a function of the scan rate was tested for the different 

sulphate based electrolytes as summarized in Fig. 6.6. Also, the corresponding specific 

capacitance for each electrolyte, thickness and 2H phase MoS2 were obtained. All the 

potentials were normalized with the hydrogen evolution potential in order to enable 

representative comparison since different electrolytes with different pH had to be 

compared. The concentration of cations in the electrolyte solutions was fixed at 1M in all 

experiments. 
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Figure 6.6. Evolution of the volumetric capacitance of the 1T phase MoS2 electrodes 

with scan rate for different electrolytes for 1µm and 5µm thick films.  

6.1.2 Galvanostatic Charging/discharging Measurements 

Galvanostatic charging/discharging measurements were performed at 0.5, 1, 2, 4, 8 

and 16A/g in Na2SO4 as shown in Fig. 6.7a. The response is close to ideal triangular 

capacitive behavior. The cyclability of the electrodes was studied by performing > 5000 

cycles of charging/discharging at 2A/g current rate. Capacitive retention was found to be 

> 93% in neutral and > 97% in acidic electrolytes as shown in Fig. 6.7b. XPS analysis of 

1T phase MoS2 electrodes conducted after 5000 cycles did not show substantial change in 

the phase concentration. We also found coulombic efficiencies of 90-98% for various 

electrolytes at 2A/g charge/discharge current rate. 
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Figure 6.7. Galvanostatic cycles from 0.5 A/g to 16 A/g in Na2SO4 (a). Capacitance 

retention after 5000 cycles in 0.5 M Li2SO4 and H2SO4 (b). 

6.1.3 Electrochemical Impedance Spectroscopy (EIS)  

Nyquist plots were obtained with 10 mV amplitude      in the 10 mHz to 100 

kHz frequency ( ) range at a fixed potential of 0.35 V vs. NHE      for each electrolyte 

where                   . As discussed in Chapter 3, the Nyquist plots show near-

ideal capacitive behavior (Fig. 6.8) similar to the previously shown plots in Fig. 3.7. They 

also indicate that the impedance of the system depends on the type of electrolyte 

exhibiting semi circles at high frequencies and linear behavior at lower frequencies[97]. 

The semicircles correspond to parallel combination of the charge transfer resistance and 

double layer capacitance as illustrated in Fig. 3.7d. Since the resistance of the electrolyte 

increases on the order of         
        

       
       

, the right shifted curves 

and larger semicircles are expected for higher resistivity in the system which is also 

observed in activated carbon[164] and MnO2 [12]supercapacitor electrodes.   
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Figure 6.8. Nyquist plot of 1T MoS2 electrode in 0.5 M H2SO4, K2SO4, Na2SO4 and 

Li2SO4 electrolyte solution.  

We have shown the importance of 1T phase for capacitive nature of MoS2 in previous 

section. CV analyses show that 1T phase of MoS2 is highly capacitive, however 2H phase 

MoS2 is 20 times less capacitive. We claimed that such high capacitance is a result of 

high conductivity of metallic phase. We performed EIS analysis on the gradually 

annealed MoS2 samples with different annealing temperatures to better understand what 

has been observed in the conductivity studies.   
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Figure 6.9. Nyquist plot for the transition from1T MoS2 electrode in 0.5 M H2SO4, 

K2SO4, Na2SO4 and Li2SO4 electrolyte solution at low frequencies (a) and at high 

frequencies (b).  

As shown the Nyquist plot (Fig. 6.9) for annealed MoS2 samples in 0.5 M Na2SO4 

electrolyte, the vertical Nyquist curve at lower frequencies shift from capacitive to 

resistive behavior. The semicircles at higher frequencies expand upon increasing the 

annealing temperature indicating the charge transfer resistance is increasing.   

 

6.1.4 Discussion for Aqueous Electrolytes  

Cyclic voltammetry analysis shows that the 1T electrodes retain their high 

capacitance and its rectangular shape even at very high scan rates above 200mV/s. These 

CV characteristics prove that 1T phase MoS2 has capacitive behaviour (Fig. 6.1). In an 

effort to shed light to the charging mechanism, electrochemical analyses were conducted 

as a function of MoS2 film thickness by using variety of electrolytes. Similar gravimetric 

capacitance behaviour with different thickness in 1T MoS2 shows that charge storage 

does not only occur on the surface of the electrode, but also is an intrinsic behaviour.  
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Different electrolytes were compared according to their cation (Fig. 6.2a) or anion 

type (Fig.6.2b). Similar capacitive behaviour with the same cation and different anion 

based electrolytes tells us anions are not responsible for the capacitive performance 

(Fig.6.2b). On the other hand, different capacitive performance with different cation and 

similar anion based electrolytes shows us cations have substantial effect on capacitance 

(Fig. 6.2a). Hence, we can conclude that cations are responsible for the charge storage for 

1T MoS2.  

The other finding from the comparison of CV data is that the 1T phase enhances the 

capacitive performance, because the chemical exfoliation and restacking process provides 

more conductive phase and also a disturbed structure. Both enhancements can play an 

important role for high charge storage capability. In order to clarify their contribution on 

the charge storage performance, restacked MoS2 films were annealed at elevated 

temperature. Then MoS2 films with different phase ratios were obtained. By comparing 

the effect of 1T/2H phase ratio on the specific capacitance, we can realize that there exist 

a correlation between the specific capacitance and 1T phase content of the MoS2 film 

(Fig. 6.5). EIS analysis also show that the resistance of the electrodes increases with 

higher annealing temperatures (Fig. 6.9). The specific capacitance performances decrease 

with increasing 2H phase content of the MoS2 electrode due to less conductive 

semiconductive nature 2H phase.    
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6.2  Electrochemical Behavior in Organic Electrolytes 

To investigate the volumetric energy and power densities of the 1T phase MoS2 

electrodes, the electrochemical storage properties in non-aqueous electrolytes were 

measured. Specifically, the properties in TEA BF4/MeCN and EMIM BF4/MeCN organic 

electrolytes were evaluated because they offer a wide operating potential window of up to 

3.5V. For this stage of the study, we used a two-electrode system. The device fabrication 

and the measurements were conducted in an Argon-filled glove box.  

 

6.2.1 Cyclic Voltammetry 

Typical CV curves in organic electrolyte are shown in Fig. 6.10(a,b). As in neutral 

electrolytes, rectangular CVs were observed at the measured scan rates in 1M TEA BF4 

in acetonitrile with 3V potential range. No distinct deviation from rectangular shape was 

observed even at high scan rates. Another organic electrolyte, EMIM BF4 was also tested 

and CV curves were shown in Fig. 6.10b. Quasi-rectangular shapes are obtained at scan 

rates as high as 100 mV/s. The results show that the 1T phase MoS2 behaves capacitively 

in organic electrolytes. The limiting factor for the potential range is the dissociation of 

organic electrolyte at very high potential ranges.  

As summarized in Fig. 6.10c, the capacitance as high as 199 F/cm
3
 in 

TEABF4/MeCN and 250 F/cm
3
 in EMIMBF4/MeCN were obtained from 1T MoS2 

electrodes at 5mV/s. 1T MoS2 exhibits stable capacitance behaviour even at higher scan 

rates.  
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Figure 6.10. Electrochemical behaviour of 1T MoS2 in organic electrolytes. Cyclic 

voltammetry curves in 1M TEA BF4/MeCN (a). CV curves of 1T MoS2 in 1M EMIM 

BF4 in acetonitrile (b). Capacitance versus scan rates in TEA BF4/MeCN and EMIM 

BF4/MeCN electrolytes (c).  

In complete contrast to response in aqueous electrolytes, initial charge storage 

behavior of 1T MoS2 is very limited in organic electrolytes, although it increases 

gradually. As shown in Fig. 6.11, initial capacitance is as low as 1F/g, but it increases 

gradually with successive cycles until 50
th

 cycles as shown in Fig. 6.11 and reaches the 

reported values.  
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Figure 6.11. CV curves of 1T MoS2 electrodes in TEA BF4/AC at 100 mV/s obtained 

from the first 50 cycles showing the broadening of the CV response during the initial 

cycles.  

 

6.2.2 Galvanostatic Charging/discharging Measurements 

Galvanostatic charging/discharging measurements were conducted at current 

densities ranging from 0.5 A/g to 32 A/g with 1M TEA BF4/MeCN, as shown in Fig. 

6.12a. Charging/discharging curves show close to ideal behaviour with a minimal 

potential fall at higher discharging currents as indicated in the inset of Fig. 6.12a. The 

cycle stability of the 1T phase electrodes in organic electrolytes was tested for over 5000 

cycles, as shown in Fig. 6.12b. We found that the electrodes retained over 90% of the 

initial capacitance after 5000 cycles. 
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Figure 6.12. Galvanostatic charging and discharging curves in TEA BF4/MeCN at 

0.5 A/g and 32 A/g current rates (a). Inset shows the low internal resistance of the 1T 

MoS2 electrodes in 1 M TEA BF4/MeCN at 32 A/g. Capacitance retention during 5000 

cycles in 1M TEA BF4 with 0.5 M Li2SO4, H2SO4 (b) 

6.2.3 Ragone Plot 

In order to assess the charge storage performance, Ragone charts were plotted and 

compared with the literature (Fig. 6.13). For energy density and power density 

calculations, Eqn (14) and Eqn (16) were used. For the 1T phase of MoS2 electrodes 

tested in aqueous electrolytes, we calculated an energy density of ~ 0.016 Wh/cm
3
 at a 

current density of 0.5 A/g, resulting in a power density of 0.62 W/cm
3
. At 16 A/g, the 

energy and power densities reached 0.011 Wh/cm
3
 and 8.7 W/cm

3
, respectively. These 

values are very much higher than the ones obtained in organic electrolytes. We found an 

energy density and a power density as high as 0.11 Wh/cm
3
 and 1.1 W/cm

3
 at 0.5 A/g, 

respectively. At a higher current density of 32 A/g, these values changed to 0.051 

Wh/cm
3
 and 51 W/cm

3
, respectively.  
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Figure 6.13. Ragone plot of the best volumetric power and volumetric energy 

densities reported from various materials including lithium thin film batteries [165], 

lithium thin batteries[166], graphene[15], [16], [167], MXenes[8] for comparison with 

those values obtained in this study for 1T phase MoS2 electrodes. 

6.2.4. Full Device Comparison with Thicker Electrode  

As discussed in Chapter 3, a supercapacitor device is comprised of two active 

electrodes and two current collectors that are separated by a porous separator. Higher 

mass loading is desired in the active electrode as compared to other components in such 

supercapacitors. The mass loading achieved in abovementioned to date is low (~0.5 mg) 

and the thickness of the fabricated electrode is low (~1 µm) in comparison to the 

thickness of the separator (~25 µm). However, the overall mass and volume of the device 

have to be considered, including the separator and current collectors, so as to assess the 
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device performance correctly. That is so because the overall device performance 

efficiency is one order of magnitude lower than individual electrode. However, past 

attempts to fabricate thicker MoS2 devices resulted in poor electrochemical performance 

in organic electrolytes.  

The limiting factor to fabricate thicker MoS2 film may either be ionic diffusion, 

electronic conductivity, or both. As it was shown in Fig. 6.4, thick MoS2 films (5µm) 

exhibited high capacitive behavior in aqueous electrolytes, but not in organic electrolytes, 

which is rather paradoxical. Therefore, electronic conductivity should not be a limiting 

factor for charge storage efficiency. Probably, such a paradox is because of the 

hydrophilic nature of 1T MoS2. As discussed previously, organic electrolytes have 

hydrophobic behavior whereas 1T MoS2 is hydrophilic and it slows down the wetting and 

initial charge storage in organic electrolytes. Thus, the diffusion is slower in an organic 

electrolyte in contrast to an aqueous electrolyte.  

To enhance the electrochemical performance of MoS2 in organic electrolytes, we 

incorporated a hydrophobic constituent, PTFE which might improve the electrochemical 

performance by increasing the diffusion rate in organic electrolyte. PTFE is frequently 

used as a binder in supercapacitor electrodes[59].  

For a homogenous mixture, chemically exfoliated MoS2 mixed with % 20 PTFE in DI 

water solution and sonicated for 5 minutes. Then, MoS2/PTFE solution was restacked via 

vacuum filtration than transferred on a desired substrate as described in previous Chapter 

4. We performed the electrochemical analysis in organic electrolyte, 1M EMIM 

BF4/MeCN for 10 µm MoS2 / PTFE composite as shown in Fig.6.14.  
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Figure 6.14. Electrochemical behaviour of 10 µm 1T phase MoS2 / PTFE electrodes 

in in 1M EMIM BF4/MeCN. Cyclic voltammetry curves (a), galvanostatic 

charge/discharge curves (b) and Ragone plot 1 µm 1T phase MoS2, 10 µm 1T phase 

MoS2 / PTFE and 20 µm 1T phase MoS2 / PTFE with separator (c). The overall 

comparison of 1T phase MoS2 / PTFE supercapacitor device with other materials (d).  
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6.2.5 Discussion for Organic Electrolytes 

The 1T phase MoS2 shows capacitive behaviour in the organic electrolytes with 

high potential ranges as plotted in Fig. 6.10. As compared to aqueous electrolytes, the 

organic electrolytes present lower capacitive performance. Since energy density is 

proportional to the square of the potential range, the organic electrolytes exhibit much 

higher energy density and power density performance compared to the aqueous 

electrolytes. The gravimetric capacitance values were found to be low as compared to 

carbon based supercapacitors, but the volumetric capacitances are higher than porous 

carbon due to high density of 1T MoS2. Therefore, the volumetric energy density of 1T 

MoS2 shows the highest reported value.  

High power density is also required for supercapacitor applications. Since power 

density is inversely proportional to the internal resistance Eqn (5), the internal resistance 

should be as low as possible. The internal resistance were calculated from the potential 

fall during galvanostatic discharging. In Fig. 6.12a, the inset figure shows the potential 

drop at 32 A/g charging/discharging rate. Since the potential fall is very small even at 

very high current rate (32A/g), the internal resistance is very low for 1T MoS2.  

Interestingly, unlike in aqueous electrolyte, initial charge storage is very low, but 

increases gradually until it saturates (Fig. 46). Somehow the accessible surface area 

increases gradually and provides higher capacitance values. Gradual intercalation of ions 

into MoS2 slabs might slowly enhance the accessible surface area. Since 1T MoS2 is 

hydrophillic and the organic electrolytes are hydrophobic, the intercalation process is 

slow and diffusion limited.  
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6.3 Chapter Summary 

It was shown that chemically exfoliated nanosheets of MoS2 containing a high 

concentration of the 1T phase has extraordinarily high volumetric capacitance of nearly 

700 F/cm
3
, that is substantially higher than carbons [15], [16] and Ti3C2 MXene layers 

[8]. For electrochemical tests, numerous aqueous electrolytes were used including H2SO4, 

Li2SO4, Na2SO4, K2SO4, KCl, etc. In addition to aqueous electrolytes, we have also tested 

organic electrolytes that are stable at much higher electrochemical potential ranges. The 

volumetric energy and power densities of 1T phase electrodes with organic electrolytes 

are among the highest reported thus far for any electrode material. The excellent 

electrochemical response of the phase engineered MoS2 electrodes can be attributed to its 

hydrophilic response, excellent electrical conductivity, absence of binder.  
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Chapter 7.  

7. Ex-situ XRD Analysis 

1T MoS2 exhibits very high volumetric capacitance in aqueous and organic 

electrolytes. Such high capacitance performance would normally requires high surface 

area, but the surface area of the restacked films were below 9 m
2
/g [168], which is 

substantially less than that for reduced graphene oxide [7], [16], [23]. XRD is known to 

be a very effective analytical tool for characterizing the inserted species in between MoS2 

layers[33]. As such ex-situ studies were conducted to gain insight into charge storage 

phenomena in MoS2. 

 

7.1 Experimental Setup for Ex-situ XRD Analysis 

 

Figure 7.1.  Schematic of the ex-situ X-ray diffractometer.  
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Ex-situ XRD analyses were performed by keeping the sample in electrolyte during 

XRD analysis to assess the peak shift due to vaporizing the water solvent as illustrated in 

Fig. 7.1. The layer spacing was calculated from the Bragg angle   using 

                                                                (31) 

where n is the order of diffraction (n=1) of atomic plane, λ is the wavelength of the 

incident beam, θ is the angle between the beam and the atomic plane’s normal, and d is 

the interplanar spacing.  

7.2 Results & Discussion for Ex-situ XRD Analysis 

Ex-situ XRD spectra of electrodes charged with different cations and protons in 

neutral, acidic and organic electrolytes are shown in Fig. 7.2. The intensity of the (002) 

peak at 14.4
o
 in restacked MoS2 decreases and the intensity of the (001) peak, which is an 

indication of interlayer expansion, increases. The new peak positions arising from 

expansion due to intercalation of hydrated cations are indicated in Fig. 7.2 as (001)* and 

(002)* to differentiate them from those obtained in non-intercalated materials. The (001)* 

and (002)* peak positions strongly depend on the intercalant type. The expansion of the 

spacing between the nanosheets due to intercalation is 6.63Å, 6.09Å, 3.7Å, and 4.83Å for 

Li2SO4, Na2SO4, K2SO4 and TEA BF4, respectively. Different spacings have been 

measured by X-ray diffraction can be attributed to hydrated cation intercalation. In the 

case of aqueous electrolyte, cations are coordinated with two water molecules for K
+
 and 

six water molecules for Na
+
 and Li

+
. In organic electrolytes, the cations are desolvated 

during the intercalation process giving a layer separation of 4.83Å comparable to TEA
+
: 

3.85Å [169]. The presence of a shoulder at ~ 16
o
 (black arrows) for as-exfoliated MoS2 
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and electrodes intercalated in Li2SO4, Na2SO4 and H2SO4 electrolytes is attributed to the 

presence of water bilayers[43]. 

 

Figure 7.2. Ex-situ X-ray diffraction spectra from restacked 1T phase MoS2 

films. X-ray diffraction spectra from as-exfoliated 1T phase MoS2 nanosheets (i) and 

cycled MoS2 film (ii-v) in different sulfate-based electrolytes: Li2SO4 (ii), Na2SO4 (iii), 

K2SO4 (iv), H2SO4 (v) and TEA BF4/MeCN organic electrolyte (vi). The characteristic 

(002) peak of restacked MoS2 nanosheets is found at 14.4
o
 for as-exfoliated 1T MoS2 (a). 

Schematics of restacked non-intercalated and intercalated 1T MoS2 nanosheets (b).  
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The expansion is higher than the hydrated cation sizes of Li
+
(H2O)2, Na

+
(H2O)2 and 

K
+
(H2O). Interestingly, unlike in neutral electrolytes, the (001) peak is absent after 

charging in H2SO4. This is attributed to the fact that smaller protons can easily diffuse 

between the interlayers in restacked MoS2 without causing substantial expansion. A small 

shift is however observed in the position of the (002) peak after proton intercalation in 

zero pH electrolytes. This can be correlated to adsorption on 1T phase MoS2 after 

charging, and is consistent with the shape of the CV curve in Fig. 7.2. In the case of 

organic electrolytes, a similar expansion has been observed with strong (001)* and 

(002)* peaks at 8
o
 and 15.9

o
, as shown in Fig. 50(vi).  

The observed expansion is consistent with previous XRD and NMR studies of MoS2 

alkali metal intercalated compounds [43], [46], [170]. The results support that cations are 

dynamically intercalated through the interlayer of 1T MoS2. This dynamic intercalation 

process enhances the accessible surface area of the electrolyte. Thus, intercalation is 

found to be responsible for charge storage capacity, while restacked MoS2 shows very 

low surface area. The absence of (002) at 14.4
o
 in restacked MoS2 after intercalation in 

TEA BF4/MeCN suggests that the 1T phase MoS2 electrodes are fully intercalated with 

the organic electrolyte. For such systems, the effective surface area is closer to the 

theoretical surface area than the measured surface area (9 m
2
/g). Selective cation 

intercalation into the layered 1T MoS2 is a peculiar phenomenon. Since 2H phase MoS2 

layers do not let any substance into the layered structure except high energy lithium 

(butyl-lithium) which is what we have used already for chemical intercalation process. 

Previous studies demonstrate that 1T phase is stabilized by charge transfer from the butyl 

group of the organolithium exfoliation agent [36]. Zeta potential measurements [32] from 
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– 40 to – 50 mV indicate that the 1T MoS2 nanosheets are negatively charged [32], [36] 

which may also facilitate the cation intercalation.  

7.3  In –situ RAMAN Spectroscopy 

 

Figure 7.3. In-situ Raman spectra of 1T MoS2, E1g peak shift due to negatively charging. 

In-situ RAMAN spectra were measured in immersion mode by using previously 

described[171] three electrode cell configuration in 0.5 M H2SO4. We used Renishaw 

inVia system with a 100X objective lens and 514 nm wavelength excitation laser beam 

source. In-situ RAMAN spectra were acquired at potential ranges where MoS2 behave 

capacitive (-0.3 V to 0.3 V) with spectral range of 350 – 450 cm
-1

. 

At cathodic potentials cation instertion shift the E2g peak to the lower energies and 

no distinct difference observed for A1g peak. E2g peak softening was attributed to change 

at the in-plane vibrations due to proton insertion. Similar behavior observed for WS2 

based supercapacitors[53].  
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7.4 Chapter Summary 

Ex-situ XRD analyses were carried out in order to monitor the structural changes 

associated with intercalation. After all these investigations, we conclude that the charge 

storage mechanism based on the intercalation of cations (H
+
, Li

+
, Na

+
, and K

+
) between 

the layers of the MoS2 structure. The excellent electrochemical response of the phase 

engineered MoS2 electrodes can be attributed to its hydrophilic response, excellent 

electrical conductivity, absence of binder, and accessibility of cations within the structure 

as indicated by the diminishing (002) peak in XRD. The results obtained to date open up 

interesting possibilities for phase engineering of exfoliated nanosheets in the realm of 

electrochemical storage properties in layered materials. These results were published as 

of the writing of this thesis dissertation [51].  
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Chapter 8  

8 Electrochemical Actuation with MoS2 

At this point of this study, the charge storage properties of 1T phase MoS2 were 

studied. And we established that the cation insertion/de-insertion process for 1T phase 

MoS2, which also determines the interlayer separation, plays a critical role. It follows 

from the charge storage consideration that we expect some substantial volume change on 

the electrodes.  

Therefore, the purpose of this study is to investigate the possible electrode 

expansion/contraction during electrochemical charge storage in 1T phase MoS2. In other 

words, an attempt will be made to advance the understanding the macroscopic effects of 

ion intercalation. Results from such a study will be also helpful in engineering 

supercapacitor devices in order to protect them from mechanical degradation due to 

volumetric change. Besides, understanding basis of the driving force for the actuation is 

important to develop high performance actuation systems. To monitor the macroscopic 

changes on the active electrode, bimorph configuration has been used as demonstrated in 

Chapter 4. 

 

8.1 Electrochemical Actuation Experimental Setup 

To quantify the macroscopic dimensional change and analyze the mechanical 

behavior, the restacked 1T phase MoS2 was transferred on a flexible substrate (gold and 

gold coated polyimide) in the form of bilayer or trilayer bending beam with 2 mm width 
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and 30 mm length with varying thickness of MoS2 (1 µm-8 µm) and Kapton film (25 µm-

125 µm). Any lateral dimensional change along the MoS2 film will deflect the beam and 

transform into a curve. This method has been widely used to characterize electroactive 

polymer[147] and metal oxide actuators[51].  

 

Figure 8.1. Schematics of experimental setup to track the change on the bending 

curvature of MoS2 based bimorph actuator. The cross-section views of bended sample 

with different curvature conformations were illustrated. Positively charged MoS2 film is 

shown as contracted bending inward and negatively charged MoS2 expanded as bended 

outward.  

To track the displacement and bending curvature, one end of the actuator was 

clamped as working electrode and the other end dipped vertically in a rectangular glass 

container filled with the electrolyte, 0.5M H2SO4. Then, the actuator electrodes were 

electrochemically induced by applying triangular and square waveform potential (-0.05 V 

and 0.55 V vs. NHE) by using Pt counter and calomel reference electrodes in three 
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electrodes configuration via Multistat (Solartron 1470). The free end displacement and 

the resolved bending degree of the actuator were recorded by charge coupled device 

(Canon 60D) as shown in Figure 1. Any slight change at the electrode curvature will be 

observed simultaneously with respect to electrochemical response in a resolution of 

0.0001 mm
-1

 curvature change.  

8.2 Electrochemical Induction and Mechanical Response (Bending Motion) 

As shown in Fig. 8.2, MoS2 electrodes subjected to a triangular wave potential 

(CV). The flexible electrodes were bended inwards at positive potential sweeping and 

outwards at negative potential sweeping. Up to 0.17 mm
-1

 curvature change has been 

observed with 8 µm MoS2 on 25 µm Kapton film which is much higher than PPy based 

actuator[157] with similar configuration. Since the bending displacement is very high, the 

small angle approximation is not valid for the curvature calculation from tip end 

displacement. The curvature has been calculated directly via image processing by using 

MATLAB. This method will provide a simple method to elaborate in-situ macroscopic 

dimensional change in the MoS2 film.  
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Figure 8.2. Schematics of bending beam (a). Curvature change with respect to 

potential change (b). Current flow due to potential sweep (5mV/s) (c). Optical images of 

curved bimorph actuator (d). Corresponding charge flow through electrode (e). The 

relation between capacitance and curvature (f).  

By applying the potential gradient, the MoS2 electrodes polarize and attract the 

ions leading a vast amount of charge flow through the electrode depending on the charge 

storage capacity. The direction of the current flow and corresponding charge flows and 

curvature changes with respect to potential are denoted with numbers (1-4) in Figure 

8.2(c-f). During negative potential sweeping (1-3), the film bends toward MoS2 layer 

indicating that in-plane expansion occurs on the MoS2 film. And reversed positive 

potential sweeping (3-4-1) recovers the bending back to the initial position indicating that 

the deformation is reversible. According to our previous ex-situ XRD studies [51], during 
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negative potential sweeping, the protons insert and adsorbed into MoS2 electrodes and 

during positive potential sweeping, the protons de-insert from the electrode. The amount 

of ion movement can be calculated from the current passage and corresponding curvature 

change can be correlated with it. The curvature change and the amount of charge flow 

changes linearly with respect to the applied potential as shown in Figure 8.2f. At negative 

potential sweeping (1-3), the cations flow through the electrode leading an in-plane 

expansion and at positive potential sweeping (3-5), the cations de-insert from the 

electrode leading an in-plane contraction in the film.  

 

Figure 8.3. Time dependence of curvature change.  

A typical triangular waveform potential sweeping at different frequencies and 

corresponding curvature change has been shown in Fig.8.3. Actuation is fully reversible 

in a broad frequency ranges and the magnitude of the actuation depends on the frequency. 

As shown in Figure 8.3, upon electrochemical charging on MoS2, actuation occurs and 

the corresponding charge storage with respect to scan rate in the form of differential 

capacitance curves in Chapter 6. Rectangular CV characteristics (Fig. 6.3) were observed 
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even at high scan rates indicating that proton insertion and de-insertion process is not 

diffusion limited which enables high actuation performance even at high rates. On the 

other hand, a deviation from rectangular behaviour was observed at slow scan rates which 

are attributed to diffusion limited redox reactions.   

8.2.1  Capacitance vs Curvature Change 

 

Figure 8.4. Curvature change and capacitance at different frequencies (a). The 

relation between actuation and capacitance (b).  

It is clear that proton insertion at high rates is responsible for such high charge 

storage and actuation behavior. However, the contribution of diffusion limited faradaic 

reactions on the actuation behaviour is not clear. To elucidate whether the proton 

intercalation or the adsorption process induce the actuation during the charge storage, 

frequency dependence of actuation and capacitance results were plotted, then compared 

in Figure 8.4. There is a linear relation between curvature change and capacitance at 

moderate frequencies, but at lower frequencies, the actuation is lower than expected 

trajectory. It is known that faradic reactions contribute to the charge storage at slower 
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rates and the fall from the trajectory at low rates clarifies that the adsorption process does 

not contribute to the actuation. In addition, the actuation with respect to capacitance 

decreases at very high scan rates. The drag force increases with square of the speed of the 

beam which limits the actuation performance at high frequencies.  Therefore, the fall at 

higher rates is attributed to the increase in the drag force exerted by the aqueous medium. 

8.2.2 Potential Range vs Curvature Change 

Since the Faradaic reactions are potential dependent process, the electrochemical 

charge storage at different potential ranges will give more prominent approach to 

understand the adsorption contribution on the actuation behaviour.  Then, the potential 

were swept at different ranges starting from 0.1V to 0.6V potential difference. As shown 

in Figure 4, the capacitance and the curvature increase by expanding the potential range. 

This approach also shows that the proton adsorption is not important for actuation.  
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Figure 8.5. The curvature change at different potential ranges (a). Corresponding 

CV characteristics (b). Capacitance with respect to potential range (c). The relation 

between potential range and curvature change (d).  

Secondly, a square wave potential was applied at different potentials to observe 

the effect of potential on the actuation behaviour (Fig. 8.6). In this approach, electrodes 

were held at designated potentials for 60 seconds and the electrochemomechanical 

responses were recorded. Similarly, actuation increases with increasing potential range.  
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Figure 8.6. The curvature change via square wave potential at different potential 

ranges (a). The relation between potential range and curvature change (b). 

  

8.2.3 Electrochemical Actuation in Neutral Electrolytes 

 

Figure 8.7. Comparison of the actuation behaviour in different electrolytes 



121 
 

Similar actuation measurements were performed in neutral electrolytes. Since cations 

intercalate between MoS2 layers and cause an out-of-plane expansion, it is worth to 

conduct the same experiment for neutral electrolytes with different cation sizes. 

Interestingly, actuation performance decreases on the order of proton > K
+ 

> Na
+ 

> Li
+
. It 

indicates that cation type determines the actuation performance. Actuation decreases with 

increasing hydrated ion size which is contrary to the idea of pure intercalation expansion 

process.   

 

8.2.4 Cycle Stability 

 

Figure 8.8 . Cycle stability test in 0.5 M H2SO4. 

Stability of MoS2 based bimorph actuators were measured over 5000 cycles for 24 

hours. Curvature difference during square wave potential cycling did not change 

indicating that 1T phase MoS2 mechanically robust for long term cycling. 
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8.3  Understanding the Bending Mechanics 

Typical strain is the ratio of displacement to the free electrode length. However, 

in the beam bending configuration, the in-plane deformation is constraint by the passive 

layer. The misfit due to in-plane expansion leads to a residual force at the interface and 

curves the film. To elucidate the mechanics of bimorph actuators, previously constructed 

bending models were used (see Chapter 4). According to these models, the curvature is 

proportional to the induced strain on the active electrode as a function of thickness and 

elastic modulus of each layer. Here, strain is to be understood as elongation increment as 

a first order approximation as the structure of the actuator changes a time dependent 

fashion.  

8.3.1  Thin Film Approximation (Stoney Approach) 

The residual force can be calculated with thin film approximation (Stoney 

approach) where one layer is very thicker than the other layer (t1>>t2) [172]. To analyze 

the generated residual force and induced strain along the MoS2 film, 3 µm restacked 

MoS2 film was fabricated with 0.1µm gold film in the bilayer form without Kapton layer. 

During the electrochemical induction, the bilayer film has been bended reversibly leading 

the curvature of 0.65 mm
-1

 with 0.3V potential difference as shown in Figure 5.b-c. 

Despite the low potential difference, the displacement is very large as expected due to 

low relative thickness ratios (tAu <<tMoS2). By using Stoney approach[172], the residual 

stress can be calculated by using Young’s modulus of thicker film (MoS2). However, 

there are no studies about mechanical behavior of chemically exfoliated and restacked 1T 
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MoS2 and we still need the Young’s modulus of restacked MoS2 to derive the generated 

force due to electrochemical induction.  

 

Figure 8.9. Snapshots of bending status of MoS2/Au/Kapton trilayer actuators 

with different thickness variations induced electrochemically within ±0.3V potential. 

Relative bending degree increases with decreasing the thickness of passive layer, Kapton 

film, with respect to active layer, MoS2. The electrodes located inside the electrolyte, 

0.5M H2SO4.  

Instead, I prepared the bimorph actuator with thicker substrate (125 µm Kapton / 

0.1 µm Au /3 µm MoS2) where the Young’s modulus of thicker film is known (EKapton : 
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2.5 GPa) and thin film approximation ( tMoS2<< tAu+Kapton ) can be applied to calculate the 

residual forces generated by electrochemical actuation. As shown in Figure 5. h,i, the 

electrochemically induced trilayer actuator has bent with a curvature of 0.0085 mm
-1

. 

According to Stoney equation, the residual stress generated by electrochemical actuation 

is 18.45 MPa along the interface assuming the gold layer is negligible. Considering the 

same stress has generated in the bilayer case (0.1 µm Au /3 µm MoS2), the Young’s 

modulus of restacked MoS2 is expected to be 2.3 GPa. If Hook’s law is applicable, 

corresponding charge induced strain will be 0.8 %. However, it should be noted that in 

these mechanical analyses, the effect of thin layers assumed to be negligible. Besides, the 

residual stress was not included with bilayer (MoS2/gold) configuration at higher 

potential ranges ( > 0.3 V) which might cause an overestimation. Because of these 

limitations, additional models need to be used to verify these findings as discussed next.  

 

8.3.2  Multilayer Bending Models 

Recent mechanical models[157] for multilayer actuators provide more accurate 

calculation and data fitting accounting the intermediate layers (Chapter 4 for detailed 

derivation). In these models, the induced-strain has a relationship to the curvature with 

respect to a coefficient (Ck) which is a factor of the elastic modulus and geometries of 

each layer. By changing the thicknesses of each layer, we can obtain the specific 

coefficients (Ck) for each case. The thicknesses and Young’s modulus of each layer are 

known except Young’s modulus of restacked MoS2 film. Therefore, the coefficient can 

be obtained with a variable, Young’s modulus of MoS2. Since the bending curvature is a 
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function of the thickness and the elastic modulus of each layer, the different thicknesses 

will give the insight to the relation between the thickness and curvature which reveal the 

effect of intrinsic strain and elastic modulus for MoS2. By preparing multiple samples 

with different thickness combinations, we can calculate the possible strain / elastic 

modulus curve. Since the strain and Young’s modulus are constant, the corresponding 

curves will cross at the point where the actuation strain and elastic modulus of MoS2 are 

real. 

 

Figure 8.10. Maximum curvature values for different thickness ratios of 

MoS2/Kapton (8/25, 4/25, 2/25, 1/25, 8/50, 8/125, 4/50, 4/125 and 1/125)(a). Model 
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fitting to calculate elastic modulus of MoS2 and strain according to abovementioned 

thickness configurations (b, c).   

Accordingly, trilayer film were fabricated with varying thicknesses of 1 µm – 8 

µm MoS2, 25 µm -125 µm Kapton film and 0.1 µm gold layer. In order to minimize the 

charge response delay, the square wave potential was applied and electrodes hold at fixed 

potential for 1200 seconds. The curvature changes for each thickness configuration were 

shown in Figure 8.10a. The 8 µm MoS2 film enable to bend 25 µm Kapton film with a 

curvature of up to 0.17 mm
-1

 which is higher than PPy based actuator[157]. Decreasing 

the ratios of tMoS2 / tKapton, the bending curvature gradually decreased. The thicker active 

electrodes with respect to the passive electrodes lead to higher curvature change. By 

fitting the model for different thickness configurations, the relationship between charge-

induced strain and Young’s modulus of MoS2 for each condition was obtained (Fig. 

8.10b-c). When the magnitude of charge induced strain is around 0.5-0.8 %, the 

corresponding Young’s modulus of restacked MoS2 is around 1.8-3.8 GPa which are in 

good agreement with the results obtained from Stoney’s approach. Following the Hook’s 

Law, the strength of the material has been calculated 17 MPa. The generated stress from 

charge induced MoS2 is much larger than mammalian muscle cell (0.3 MPa) and 

comparable to piezoelectric materials (40 MPa).  

 

8.3.3  Mechanical Work Density  

The performance of the electrochemical actuators are characterized by the work 

density per cycle which is generally determined by a product of Young’s modulus and 
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square of the strain,   
 

 
        

  . Considering Young’s modulus of 1T phase MoS2 is 

183 GPa [55] and electrochemically induced strain is 0.8 %, work density of 5.9 MJ/m
3
 is 

expected which is the highest reported theoretical work density. However, effective 

modulus of restacked MoS2 is two orders magnitude lower than individual layers due to 

weak interaction between layers. 2 - 4 GPa. Similar behaviour was observed for 

individual nanotubes and sheets. The corresponding work density for freely actuating 

MoS2 film will be 74 kJ/m
3
 which is much higher than mammalian muscle cell 8 - 40 

kJ/m
3
. The electrochemomechanical performance of 1T phase MoS2 has been compared 

with other actuator systems and electrochemical actuator materials in Figure 8.11.  

 

Figure 8.11. Comparison of actuator systems accounting maximum stress and 

strain performance[173], [174].  
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For multilayer bending beam, calculating the work density is more complicated. 

Bending beam work density is product of bending moment and bending curvature which 

is associated with the mechanical and geometric properties of each layer. More detailed 

information is given in Chapter 4. It was found that the work densities of bending beam 

are 20.5, 6.2 and 0.45 kJ/m
3
 for 8/25, 4/25 and 8/125 trilayered actuators. The work 

density of bimorph actuators are lower than free MoS2 film due to the passive layer 

which constraint the active layer and bend the passive flexible body. By decreasing the 

thickness or using passive layer with a lower elastic modulus will increases the work 

density of multilayer actuators[157].  

 

8.4  Inverted Series Connected Bimorph Actuator 

 

Figure 8.12. Schematic of inverted IPC bimorph actuator to lift up weight (a). 

Snapshot of IPC bimorph actuator lifting up 265 mg dead weight (b).  
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It was shown that electrochemically induced MoS2 could generate enough force to 

bend the flexible Kapton film with large beam rotation. To utilize such 

electrochemomechanical property, an inverted-series-connected (ISC) electrochemical 

bimorph actuator[175] with MoS2 film to convert the rotational motion to vertical 

displacement was designed. The (ISC) electrochemical bimorph actuator consists of two 

bimorph beams attached end to end where active film face opposite direction as shown in 

Figure 8.12. This alternating construction enables each bimorph actuator curved with an 

equal magnitude and cancels each other’s rotational angle and convert to pure vertical 

displacement. With this configuration, under fixed load, ISC actuator behaves like elliptic 

spring  and be considered as passive compliant actuator[176]. 

 

8.4.1  The Inverted S-beam Actuator Fabrication 

        To fabricate ISC bimorph actuator, 100 nm thin gold layer was deposited on both 

side of 25 µm Kapton film (Fig. 8.13(ii)). Gold coated film partially cropped as four 

strips (2 mm x 25 mm) leaving all four stripes connected as shown in Fig. 8.13(iii). And 4 

µm MoS2 films were transferred on the designated area on both sides. Then two ends 

were flipped over and attached to an alligator clip leaving the MoS2 film outwards. The 

other two ends were flipped on the opposite way and hold the weight mass as shown in 

Figure 8.13(iv).  
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Figure 8.13. Schematics of IPC actuator fabrication. 25 µm Kapton film (i). 0.1 

µm gold coating on both sides (ii). Gold coated kapton film cropped as illustrated and 25 

mm x 2 mm MoS2 film transferred on the designated area (iii). Pulling opposite sides 

with load attachment (iv).  

 

 

8.4.2  The Inverted S-beam Actuator Energy Calculations 

When the mass was hung, the IPC actuator acted like elliptic spring. In this 

configuration, the mass hanged on a spring in a liquid medium, the gravitational forces 

and buoyancy was balanced by extended spring. When a force applied on the system, it 

will displace the mass to find the equilibrium position. As shown in Fig. 8.14b, 1.6 mg 

MoS2 lift up 265 mg load by electrochemical actuation with IPC design. We have shown 
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that charge induced MoS2 bends the bimorph actuator which also deflect the spring and 

lift weight 100 times heavier than its own mass over 3 mm displacement.  

 

Figure 8.14. Stretched IPC actuator under loading (a,b), under electrochemical 

induction (c,d), under loading and electrochemical induction (e,f). 
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To calculate the mechanical force and energy driven by the electrochemical 

actuation, all of the forces exerting to the system by gravity, buoyancy, spring and 

friction were calculated when these forces are balanced in the equilibrium state, any 

additional force will disturb the system until it reaches the new equilibrium position. 

Gravitational force and buoyancy are calculated from the mass and volume of the hanged 

weight. These forces were balanced by the spring force and the spring constant is derived 

from the displacement as shown in Fig 8.14(a,b). The spring force (F) was calculated 

from Hook’s law 

                                                                   (55) 

and the work from 

          .                                                     (56) 

 

The IPC actuator was electrochemically actuated without the mass and a 

reversible actuation were observed with 9 mm displacement. Corresponding 

electrochemically induced force and work were calculated by using the spring constant. 

Then the mass loaded IPC actuator was electrochemically excited, and corresponding 

force and work were calculated.  

A work density of 9 kJ/m
3
 electrochemomechanical energy was generated by 

inducing MoS2 film as IPC bimorph actuator. This is consistent with previously 

calculated work density results using the multilayer bending beam model for 4 / 25 

bimorph actuators. It is possible to enhance the work density by increasing the thickness 
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of MoS2, decreasing the thickness of Kapton layer or using a less stiff flexible 

substrate[157].  

The electromechanical coupling factor (k) is the ratio of mechanical work to 

stored energy density[132];  

 

   
 

     

 
      

                                                          (57) 

By dividing the generated mechanical work to the stored energy, energy conversion 

efficiency were calculated and found 6 %.  

8.5  Discussion 

Chemically exfoliated and restacked 1T phase MoS2 films were fabricated in the form 

of a bilayer and trilayer flexible electrode to study the macroscopic effects of charge 

storage. Triangular and square wave potentials were applied to induce charges on the 

electrodes. The charge flow through the electrode due to the polarization expands the 

electrode laterally leading a bending deformation on the flexible electrode (Fig. 8.2). 

Electrodes fully recover back to the original place during discharging process.  

As shown in Fig. 8.2-8.9, the curvature change associated with the potential sweeping 

is fully reversible. However, a hysteresis was observed in the curvature vs potential 

curves. In previous Chapter 6, the cation intercalation process was established to explain 

the charge storage mechanism for 1T phase MoS2. The intercalation is more favorable 

than deintercalation which makes discharging process slower than charging. Then, the 

hysteresis can be explained with the difference between diffusion rates of intercalation 

and deintercalation process. This phenomenon had been observed with PPy based 
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electrochemical actuators[147]. Negative surface charges on the MoS2 might promote 

such behavior.  

The actuation response is frequency dependent (Fig. 8.3). However, the actuation 

performance does not degrade a lot which is relatively higher than most of the other 

reported electrochemical actuator materials[138], [153]. Such high actuation response can 

be attributed to the high conductivity and charge storage capability of MoS2. To elaborate 

on the effects of diffusion limited charge interaction, a controlled analysis has been 

conducted at different frequencies and potential ranges as shown in Fig.8.4-6. These 

findings suggest that diffusion limited faradaic reactions do not have substantial effect on 

the actuation. 

Previous ex-situ XRD demonstrated that intercalation might contribute to the volume 

change during charge storage in alkaline electrolytes (Fig. 7.2). Since the MoS2 layers 

were horizontally aligned on the flexible substrate and the lateral expansion is detectable 

with the actuator setup, we do not expect appreciable effect from the vertical expansion 

or contraction due to intercalation. However, one cannot completely rule out intercalation 

contribution to out-of-plane expansion because of in-plane rotations of the nanosheets 

leading to misalignment. Accordingly, we conduct similar measurements with neutral 

electrolytes, and reversible actuation is observed (Fig. 8.7). However magnitude of 

curvature change is much lower than acidic electrolytes. The actuation response 

decreases with increasing hydrated cation size unlike the expansion rates observed by 

XRD. Recent studies on intercalated layered materials show that cation intercalation 

effects the modulus of layered materials[177]. Cation intercalation increases the modulus 

and might increase the stiffness of MoS2 electrodes.   
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The actuation performance of the MoS2 based bimorph actuator is much higher 

than PPy based electroactive polymers considering similar actuator configuration[157]. 

For instance, the degree of curvature ( > 0.17 mm
-1

) for 8 µm MoS2 / 25 µm Kapton is 

three times higher than the curvature change (> 0.045  mm
-1

) for 9 µm PPy / 25 µm 

Kapton[157]. To elaborate on the mechanics of MoS2 based bending beam, different 

models were used such as Stoney approach and multilayer beam bending model by using 

variety of different thickness combination. All of the results addressed similar results 

within the error limit, ~ 0.6 % strain with ~ 3 GPa modulus of elasticity for restacked 

MoS2. Corresponding work densities are comparable with the piezoelectric materials and 

higher than muscle.  

 

8.6  Chapter Summary 

In this chapter, we analyzed the mechanical behaviour of MoS2 under 

electrochemical induction with various electrolytes. Our findings indicate that charge 

storage induce a lateral force on the MoS2 electrode depending on the cation size. In 

acidic conditions, electrochemical charge storage generates enough mechanical forces to 

bend flexible substrates and lift up masses 100 times heavier than its own weight for a 

few millimetres. High actuation performance even at high frequencies can be attributed to 

high conductivity of metallic 1T phase of MoS2, comparably higher elastic modulus of 

MoS2 layers and fast proton insertion into layered structure.  
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Chapter 9.  

  9.1 Future Work 

To date, a methodology that is based on specialty electrochemical measurements, 

ex-situ XRD analyses and electromechanical analyses were developed in this study, 

which enabled one to analyze the electrochemical charge storage and actuation 

phenomena in 1T MoS2. In the ensuing study, the very same methodology can be used 

for other LTMDs with a 1T phase such as 1T phase WS2. In so doing, a comparative 

analysis between the 1T phases of MoS2 and WS2 can be carried out.  

The cationic intercalation behavior seems to be apparent according to the ex-situ 

XRD analysis. However, it is not clear whether the intercalation is a continuous process.  

In other words, one does not know if 1T MoS2 layers are stacking back to their initial 

condition during de-intercalation. In order to clarify the mechanism of the intercalation 

process thoroughly, ex-situ XRD analyses can be supplemented with in situ analyses. 

Such study will shed light on the actuation of MoS2 associated with intercalation. 

Finally, a comprehensive electrochemomechanical analysis in electrolyte with 

three electrode cell configuration was conducted. In the next evolution, one might 

consider to fabricate water free actuators with a gel electrolyte for enhanced actuator 

performance.  
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9.2 Conclusion 

A new material, 1T phase MoS2, was introduced as an electrode materials for high 

performance electrochemical supercapacitors and actuators. Our results indicate that the 

metallic 1T phase of MoS2 have interesting electrochemical properties that can make it an 

attractive electrode material for both aqueous and organic supercapacitor devices. These 

electrochemical properties can be attributed to the intrinsic hydrophilicity and high 

electrical conductivity of 1T MoS2, as well as the ability of the exfoliated nanosheets to 

intercalate various cations. Such dynamic layer expansion behavior can also be utilized to 

transform energy to mechanical energy. The findings of this study also indicate that 

charge storage induces a reversible in-plane electrode expansion up to 0.8 %, generating 

enough mechanical force to bend bimorph actuator and lift masses 100 times heavier than 

its own weight for a few millimetres. Such high actuation performance even at high 

frequencies can be attributed to high conductivity, fast proton insertion and comparably 

higher elastic modulus of MoS2 layers. 
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