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ABSTRACT 

Pseudocapacitive Oxides and Sulfides for High-Performance 

Electrochemical Energy Storage  

 

Chuan Xia 

 

The intermittent nature of several sustainable energy sources such as solar and 

wind energy has ignited the demand of electrochemical energy storage devices in the 

form of batteries and electrochemical capacitors. The future generation of 

electrochemical capacitors will in large part depend on the use of pseudocapacitive 

materials in one or both electrodes. Developing pseudocapacitors to have both high 

energy and power density is crucial for future energy storage systems. This dissertation 

evaluates two different material systems to achieve high energy density 

pseudocapacitive energy storage.  

This research presents the successful preparation and application of ternary 

NiCo2S4, which is based on the surface redox mechanism, in the area of 

pseudocapacitive energy storage. Attention has been paid to understanding its basic 

physical properties which can impact its electrochemical behavior. Well-defined single- 

and double-shell NiCo2S4 hollow spheres were fabricated for pseudocapacitor 

applications, showing much improved electrochemical storage performance with good 

energy and power densities, as well as excellent cycling stability. To overcome the 

complexity of the preparation methods of NiCo2S4 nanostructures, a one-step approach 
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was developed for the first time. Asymmetric pseudocapacitors using NiCo2S4 as 

cathode and graphene as anode were also fabricated to extend the operation voltage in 

aqueous electrolyte, and thus enhance the overall capacity of the cells. Furthermore, 

high-performance on-chip pseudocapacitive energy storage was demonstrated using 

NiCo2S4 as electrochemically active materials. 

This dissertation also involves another material system, intercalation 

pseudocapacitive VO2 (B), that displays a different charge storage mechanism from 

NiCo2S4. By constructing high-quality, atomically-thin two-dimensional (2D) VO2 (B) 

sheets using a general monomer-assisted approach, we demonstrate that a rational 

design of atomically thin, 2D nanostructures of atypically layered systems can greatly 

lower the interaction energy and Li+ diffusion barrier, and it can completely suppress 

the crystal transformation during the charge-discharge process. As a result, we have 

successfully enabled the kinetically sluggish step to proceed at room temperature. 

We show that even at charge-discharge rates as fast as 100C (36 s), these 2D 

electrodes still offer a high capacity of 140 mAh g-1 due to the rapid Li+ ion diffusion in 

these 2D sheets. These results discussed in this part conclusively show that the ultrathin 

2D geometry of atypically layered or non-layered materials could lead to significantly 

enhanced pseudocapacitive performance. 
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Chapter 1. Introduction and objectives 

The ever increasing use of portable electronics and electric vehicles (Figure 1.1)1 

have increased both the power and energy demands to the limit of current 

electrochemical energy storage (EES) devices, e.g. Li-ion batteries and supercapacitors. 

The limitations of current commercial solutions come from the tradeoff between energy 

and power (Figure 1.2).2 While batteries keep our portable devices working throughout 

the day, they take hours to recharge. For rapid power delivery and recharging (within 

minutes), supercapacitors, also called as electrochemical capacitors, hold great promise. 

In spite of their fast rate of charge and discharge, supercapacitors also demonstrate 

excellent cycling stability, safe operation and low maintenance cost. Hence, they have 

been widely used independently as back-up power devices or coupled with batteries in 

hybrid electronic vehicles. However, supercapacitors have low energy density which 

greatly hinders their practical applications in various electronic smart devices. Thus, 

there is an urgent need to increase the energy density of supercapacitors without 

compromising their power density. 

Electrochemical supercapacitors have been undergoing decades’ development 

since the conception was proposed by Conway B.E. in 1970s.3 It includes both anode 

and cathode immersed in electrolyte and separated by a membrane separator. 

Symmetric supercapacitor (SC) includes the same anode and cathode materials, while 

asymmetric supercapacitor (ASC) has two different materials for anode and cathode. 

There are usually three types of capacitive energy storage mechanisms in 
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Figure 1.1 The dominant EES applications, including grid scale load levering, 
transportation and utilities as well as consumer electronics.1 
 

electrochemical supercapacitors: double-layer capacitance, surface Faradic 

pseudocapacitance, and intercalation pseudocapacitance.4 Electrical double-layer 

capacitors (EDLCs) are based on the electrosorption of ions at the interface between 

electrode materials, typically carbon, and electrolytes. On the other hand, 

pseudocapacitance can be due to either surface redox reactions (typically seen in MnO2 

and hydrated RuO2) or cation intercalations into bulk materials (for example, T-Nb2O5) 

that do not lead to a phase evolution.5 The pseudocapacitors are generally offer much 

higher specific capacitance and energy density than EDLCs, due to the related Faradic 

processes. Aqueous and organic electrolytes are typically used for surface redox 

reactions and intercalation reactions based pseudocapacitors, respectively. 
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Figure 1.2 Specific power against specific energy, also called a Ragone plot, for various 
electrical energy storage devices.2 

The energy stored (E) in a conventional supercapacitor device is given by Equation 

1.1, where C and V are the capacitance and operating voltage of the device, 

respectively. There are two key parameters which can be used to improve the energy 

density of supercapacitors: increasing the capacitance of the electrode material, C, or 

the operation voltage window, V, or both, since the energy stored is proportional to CV2.  

E =
1

2
𝐶𝑉2       Equation 1.1 

Finding new materials and nanoengineering are the widely used methods for improving 

on the capacitance of supercapacitor electrodes. In addition, it has been realized that 

ASCs can be an alternative and efficient pathway (compared with symmetric 

supercapacitors), to extend the output voltage of supercapacitors beyond the 
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thermodynamic limit of ca. 1.23 V in aqueous solutions. This increase in operating 

voltage led to significant enhancement of energy density of ASCs.  

This dissertation seeks to develop nanostructured electrodes for highly efficient 

pseudocapacitive energy storage in aqueous and organic environment.   

The aqueous pseudocapacitive electrode based on surface redox reactions that is 

presented in this dissertation is ternary nickel cobalt sulfides (NiCo2S4). NiCo2S4 has been 

selected for detailed studies due to its several attractive features, including intrinsic 

stability, higher electrical conductivity (ca. 100 times as high as that of NiCo2O4 and 

much higher than those of the binary sulfides), and richer redox reactions than the 

corresponding single-component sulfides, in much the same way as NiCo2O4 to the 

corresponding single-component oxides.6 Therefore, the specific objectives of this part 

are to fabricate NiCo2S4 based electrochemical supercapacitors with high capacitance, 

wide operating voltage window, good stability. In addition, we will evaluate this material 

in conventional and microfabricated device structures. In this study, the basic physical 

properties of NiCo2S4 were firstly studied. Then, nanostructured NiCo2S4 hollow spheres 

were produced and elevated for pseudocapacitive energy storage. Next, a one-step 

electrochemical deposition strategy was developed to simply synthesize NiCo2S4 

nanostructures.  

Additionally, tunneled-type VO2 (B) has been selected as potential electrode 

candidate for intercalation pseudocapacitors in organic solvent, which based on the Li+ 

intercalation mechanism, considering their stable open framework, rapid Li+ 
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(de)intercalation, and high theoretical capacity. This system aims to understand the role 

of atomically-thin two-dimensional (2D) geometry on the electrochemical energy 

storage properties of the atypically layered materials. For this study, we have developed 

a monomer-assisted synthesis approach for high-quality, ultrathin 2D VO2 (B). We then 

demonstrate that a rational design of atomically thin, 2D nanostructures of VO2 (B) can 

greatly lower the interaction energy and Li+ diffusion barrier, and it can completely 

suppress the crystal transformation during the charge-discharge process. As a result, 

we have successfully enabled the kinetically sluggish step to proceed at room 

temperature, and the overall pseudocapacitive performance of VO2 (B) has been 

significantly improved. 
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Chapter 2. Is NiCo2S4 Really a Semiconductor? 

2.1 Summary 

NiCo2S4 is a technologically important electrode material that has recently achieved 

remarkable performance in pseudocapacitor, catalysis, and dye-synthesized solar cell 

applications.7-11 Essentially, all reports on this material have presumed it to be 

semiconducting, like many of the chalcogenides, with a reported band-gap in the range 

of 1.2-1.7 eV.12-13 In this project, we have conducted detailed experimental and 

theoretical studies, most of which done for the first time, which overwhelmingly show 

that NiCo2S4 is in fact a metal. We have also calculated the Raman spectrum of this 

material and experimentally verified it for the first time, hence clarifying inconsistent 

Raman spectra reports.  Some of the key results that support our conclusions include: 

(1) the measured carrier density in NiCo2S4 is 3.18×1022 cm-3, (2) NiCo2S4 has a room 

temperature resistivity of around 103 µΩ cm which increases with temperature, (3) 

NiCo2S4 exhibits a quadratic dependence of the magnetoresistance on magnetic field, 

(4) thermopower measurements show an extremely low Seebeck coefficient of 5 µV K-1, 

(5) first principles calculations confirm that NiCo2S4 is a metal.  These results suggest 

that it is time to re-think the presumed semiconducting nature of this promising 

material. They also suggest that the metallic conductivity is another reason (besides the 

known significant redox activity) behind the excellent performance reported for this 

material. 
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2.2 Introduction and background 

NiCo2S4 has a normal thiospinel crystal structure14 and was first described in 1850 

upon discovery in the Stahlberg Mine in Müsen, Siegerland, North Rhine 

Westphalia, Germany, and was named for that locality. The siegenite (NiCo2S4) system 

has recently become a heavily studied electrode material for energy applications, 

including dye-sensitized solar cells (DSSCs), supercapacitors, and fuel cells with excellent 

results. For instance, Banerjee et al. reported that NiCo2S4 based DSSCs show a high 

catalytic activity towards the I-/I3- redox couple, and lead to an impressive efficiency of 

6.9%, compared with 7.7% obtained with a Pt electrode in similarly constructed 

devices.15 This replacement of Pt by NiCo2S4 enables a low-cost DSSC device since the Pt 

catalyst accounts for nearly 50% of the cost.9 Further, it has been demonstrated by 

many groups that nanostructured NiCo2S4 can be used in fuel cells and supercapacitors 

with very good energy conversation and storage performance.9, 13, 16-18 These good 

device performances across many applications have commonly been attributed to the 

high conductivity of NiCo2S4, which has been attributed to its narrow band gap, implying 

that NiCo2S4 is a typical semiconductor. While the thiospinel siegenite has been widely 

studied for energy harvesting and storage applications, its fundamental properties have 

actually remained poorly studied. Even its Raman spectrum remains unknown. 

In this chapter, we show that the sporadic reports on its physical properties have 

not firmly established the correct properties of this material. For example, Chen et al. 

reported that siegenite is a semiconductor with a direct band gap of 1.2 eV using UV-Vis 

http://en.wikipedia.org/wiki/Germany
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measurements.12 Du et al. concluded that siegenite was semiconducting with a direct 

transition of 1.71 eV.13 Furthermore, Yang et al. showed that the F2g and A1g Raman 

modes of NiCo2S4 are located at 523.5 and 671.2 cm-1, respectively.19 Unfortunately, as 

demonstrated later in this chapter, all the above-mentioned reports on the basic 

properties of NiCo2S4 are inaccurate. Hence, we felt that more detailed studies are 

needed to understand the origin of the remarkably good performance of this material in 

various applications. 

2.3 Experimental section 

2.3.1 Synthesis of NiCo2S4 power 

Nanostructured powders of thiospinel NiCo2S4 were synthesized by the 

hydrothermal method. Typically, 8 mmol of Co(NO3)2·6H2O, 4 mmol of Ni(NO3)2·6H2O 

and 15 mmol of urea were dissolved in 80 ml deionized water to form a clear pink 

solution. This solution was subsequently transferred into a Teflon-lined autoclave and 

kept at 120 °C for 4 h. After cooling down to the room temperature, the resultants were 

obtained and washed with deionized water and ethanol. After drying, these powders 

were annealed at 350 °C for 2 h at a rate of 3 °C min-1 to acquire inverse spinel NiCo2O4. 

Next, 110 mg of the as-prepared NiCo2O4 were dissolved in 40 ml deionized water, 

followed by the addition of 0.6 g of Na2S·9H2O. After vigorous stirring for 5 min, this 

solution was transferred into a Teflon-lined autoclave and kept at 160 °C for 12 h. The 

final product was washed and dried in vacuum at 60 °C.  
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2.3.2 Materials characterization 

X-ray diffraction (XRD) spectra were collected by a Bruker diffractometer (D8 

Advance) with Cu Kα radiation, λ = 1.5406 Å. Raman experiments were carried out on a 

Hariba LAB RAM HR spectrometer. ICP-OES test was performed on Varian 720-ES. The 

morphology and microstructure of the samples were characterized by SEM (Nova Nano 

630, FEI) and HRTEM (Titan 80-300 kV). The NiCo2S4 powders were cold-pressed 

(hydraulically) into pellets of 3×10×0.5 mm size with a pressure of 1161 MPa for 

transport measurements by a physical property measurement system (PPMS-9, 

Quantum Design). In order to gain a more stable resistance signal for the metallic 

samples, the standard ac lock-in method was used.  

2.3.3 Electrochemical measurements 

Electrochemical tests were carried out at room temperature in three-electrode 

(half-cell) configurations. The working electrodes were fabricated by first mixing NiCo2S4 

and polyvinylidene difluoride with a weight ratio of 80:20. The prepared mixture was 

then pressed onto carbon paper. In the three-electrode measurements, NiCo2S4 coated 

carbon paper was used as working electrode, a Pt wire as counter electrode, and 

Ag/AgCl as reference electrode. The Seebeck coefficient was measured in the 

temperature range 25-250 °C using a commercial setup (Ozawa Science). Pt-Pt/Rh 

thermocouples were used as voltage and current probes as well as temperature sensors.  
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2.3.4 Theoretical calculations  

Density functional theory based on the Vienna Ab-initio Simulation Package20 was 

used to perform ab initio calculations. They were carried out on a primitive spinel unit 

cell containing 14 atoms, of which 2, 4 and 8 were Ni, Co and S, respectively. The Ni 3d8, 

4s2, Co 3d7, 4s2, and S 3s2,3p4 electrons were considered as valence electrons and the 

generalized gradient approximation in the Perdew-Burke-Ernzerhof flavour was used for 

the exchange-correlation functional.21 Moreover, the kinetic energy cut-off was set to 

300 eV in the expansion of the electronic wave functions. To accurately describe the 

strong Coulomb repulsion between the localized Ni and Co 3d electrons, we used the 

Dudarev method.22 Effective onsite Coulomb interaction values  were taken from the 

literature: 6.4 eV for Ni23 and 4.0 eV for Co24, with J =1 eV. The density of states was 

evaluated on a 36 × 36 × 36 k-mesh.25 Moreover, the   point frequencies and dielectric 

tensor were evaluated using perturbation theory26-27 on an 8 × 8 × 8 k-mesh. The off-

resonance Raman activity of a normal mode depends on the derivative of the 

macroscopic dielectric tensor with respect to the normal mode coordinate.28 A finite 

difference scheme was employed to evaluate these derivatives and, hence, the off-

resonance Raman activities, which were used together with the symmetries to identify 

the Raman active modes. 

2.4 Results and discussions 

As a typical normal spinel, the crystal structure of (Ni)A[Co2]BS4 was verified by 

neutron diffraction by Nakagawa et al.14 Nickel and Cobalt are found to occupy 
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tetrahedral sites (A) and octahedral sites (B), respectively. In a unit cell, only one eighth 

of the A sites are occupied by Ni2+ and half of the B sites are occupied by Co3+. The inset 

of Figure 2.1a represents the crystal structure of NiCo2S4 with space group 𝐹�̅�3𝑚. The 

XRD patterns of as-synthesized NiCo2S4 are shown in Figure 2.1a. All diffraction peaks 

can be recognized as the standard NiCo2S4 thiospinel structure with no detectable 

secondary phases. The lattice constant of NiCo2S4 was calculated to be 9.319 Å 

according to the strongest diffraction peak (311), consistent with previous 

investigations.9 Notably, the full width at half maximum (FWHM) of the peaks for the as-

obtained thiospinel was broad, clearly illustrating that the samples were nanocrystalline 

in nature. The average grain size of the nanocrystal was estimated to be 10.32 nm based 

on the FWHM (0.8°) of the strongest peak (311) and the empirical Scherrer formula 𝑑 =

0.9𝜆/(𝛽cos𝜃), in which 𝛽 and 𝜃 are the FWHM (in radian) and Bragg angle, respectively. 

Although the diffraction intensity of all peaks was somewhat low, the relative intensity 

among the diffraction peaks was consistent with the standard nickel cobalt thiospinel 

structure, indicative of the successful and controlled synthesis of NiCo2S4 by the 

hydrothermal method. 
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Figure 2.1 (A) Typical XRD pattern of as-prepared NiCo2S4 at room temperature, with the 
crystal model as inset. (B) Raman spectrum measured in air and argon atmosphere. 

 

The lattice dynamics of NiCo2S4 has never been well-studied except for one 

literature report showing Raman active T2g (523.5 cm-1) and A1g (671.2 cm-1) modes 

under atmosphere.19  However, those vibration modes are much closer to the features 

of typical spinel oxides (NiCo2O4).29 In addition, there is apparently no calculation of the 

Raman modes of NiCo2S4. Given that the sulfides are easily oxidized by laser heating 

during measurement,30 Raman scattering experiments should be performed carefully to 

exclude the unintentional oxidation of the NiCo2S4 phase. Therefore, we employed 

Argon atmosphere to measure the Raman features of NiCo2S4. The results are shown in 

Figure 2.1b. For comparison, the Raman spectra measured in air are also shown in 

Figure 2.1b. Actually, all observed modes for the sample measured in air can be indexed 

as Raman features of NiCo2O4.31 A third Raman measurement was done, where the data 

was collected in air while inserting a filter between the sample and laser (Figure 2.2).The 

data in Figure 2.2 show a superposition of two sets of Raman vibration modes from 
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NiCo2S4 and NiCo2O4, clearly indicating that laser induced oxidation takes place. A similar 

phenomenon was also observed in the Fe3S4 system.30  

 
Figure 2.2 Raman spectrum of NiCo2S4 measured in air where a D1 filter was inserted 
between sample and laser. 
 

In order to check the validity of the experimental Raman results for NiCo2S4, a 

theoretical analysis based on the normal thiospinel NiCo2S4 was performed. This analysis 

predicts five Raman active modes: Eg, A1g and three T2g. The calculated and 

experimental frequencies of the Raman active modes are summarized in Table 2.1. The 

stretching of S atoms towards the tetrahedral site Ni atom and the bending of the S-

Nitetra-S bonds causes the A1g (373 cm-1) and Eg (239 cm-1) mode, respectively. The three 

T2g modes (150, 301, and 342 cm-1) can be ascribed to asymmetric bending of S-Nitetra-S 

bonds. All the calculated frequencies agree well with the experimental values with less 

than 10% difference.  
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Table 2.1: Experimental and calculated Raman Vibration mode of NiCo2S4 

 A1g Eg T2g,1 T2g,2 T2g,3 

Experiment 373 239 342 301 150 

Calculation 401 253 364 322 163 

Difference -6.9% -5.5% -6.0% -6.5% -7.9% 

Atoms involved S S S, Ni S, Ni S, Ni 

 

Figure 2.3a-b show that the hydrothermally obtained powders of NiCo2S4 maintain 

a uniform urchin-like morphology with nanocrystalline self-assembled nanotube 

emanating radially grown from the center. These hollow nanotubes likely result from 

the well-kown Kirkendall effect of the sacrificial precursor template during the anion ion 

exchange process.32 Energy dispersive spectra (EDS) were collected to provide further 

insight into the elemental composition and distribution of the as-prepared NiCo2S4. An 

even distribution of the elements Ni, Co, and S (Figure 2.3c) on the surface is clearly 

visible, further demonstrating the successful preparation of high quality thiospinel 

NiCo2S4. The corresponding signal of Al is from the sample holder. Figure 2.3d-f shows 

the TEM images of the NiCo2S4 nanotube and corresponding selected area electron 

diffraction (SAED). The representative TEM image shows the NiCo2S4 nanotubes with a 

diameter of about 50 nm, with the individual nanotube itself composed of numerous 

nanocrystallites of around 10 nm size, consistent with the results from the SEM and XRD 

analyses. The high resolution TEM image reveals that the lattice plane distances are 

0.285 and 0.194 nm, which fits well to the (311) and (422) interplanar spaces in 



37 
 

siegenite. The lattice fringes with different orientations suggest that the as-obtained 

NiCo2S4 is polycrystalline in nature, which is confirmed by its corresponding SAED. The 

supercapacitor performance of as-prepared NiCo2S4 nanopowder was checked and is 

shown in Figure 2.4. Its pseudocapacitive characteristic is clearly defined by the 

pronounced redox peaks in the cyclic voltammetry curves. Its high specific capacitance 

and good rate performance are consistent with previous reports on this material,32-33 

and can be ascribed to the strong redox activity and high conductivity of the 

nanostructured NiCo2S4 material. These two effects result in high-speed charge transfer 

and low impedance. Figure 2.4d shows a small equivalent series resistance (ESR) of 1.6 

Ω and charge transfer resistance of ca. 0.3 Ω, which is a highly desired feature for 

supercapacitors.17, 34 

 

Figure 2.3 (A-C) Representative FESEM images of as-prepared NiCo2S4 with 
corresponding EDS element mapping of aluminum, nickel, cobalt and sulfur. (D-F) Typical 
TEM and HRTEM images of the nanostructured samples with corresponding SAED 
pattern.  
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Figure 2.4 Electrochemical performance of the NiCo2S4 nanopowder as supercapacitor 
electrodes in the three-electrode measurements with 6 M KOH as the electrolyte. (A) 
Galvanostatic charge-discharge and (B) cyclic voltammetry curves of the NiCo2S4 
electrode; (C) summary of specific capacitance as a function of scan rate, and (D) Nyquist 
plot of the NiCo2S4 electrode.   
 

It has been reported that thiospinel NiCo2S4 has a much higher conductivity than its 

oxide counterpart (NiCo2O4) and that it is a semiconductor with a direct band gap of 1.2 

eV based on UV-Vis measurements.12 Yet, the reported UV-Vis spectra12, 35 showed a 

nearly straight line, unlike the UV-Vis spectra of typical semiconductors,36 implying that 

no absorption has actually occurred during the measurement. We observe a similar 

behavior in our material and find it hard to make any definite conclusion from UV-Vis 

measurements. Therefore, we have studied the transport behavior using pellets 

prepared by pressing NiCo2S4 powder, as shown in Figure 2.5. We were surprised to 
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observe that NiCo2S4 actually conducts like a typical metal with a positive temperature 

coefficient of resistance. Notably, the resistivity of NiCo2S4 increased linearly in the 

temperature range of 40 to 300 K. The linear relationship between resistivity and 

temperature (ρxx∝T) confirms its metallic behavior and shows that electron-phonon 

scattering dominates in NiCo2S4. The room temperature resistivity of our NiCo2S4 sample 

is approximately 103 µΩ cm, indicating excellent conductivity. The Seebeck coefficient of 

pressed NiCo2S4 pellets was measured as a function of temperature and the results are 

shown in Figure 2.6. An extremely low value of around 5 µV K-1 was obtained, which 

strongly supports the metallic nature of thiospinel NiCo2S4.  

 

Figure 2.5 (A) Resistivity of NiCo2S4 as a function of temperature. (B) ∆𝑅 versus T1/2 at 
low temperature and (C) Voltage-current (I-V) curves and (D) magnetoresistance against 
magnetic field for various temperatures. Note that the inset of (A) shows a photo of the 
pressed NiCo2S4 pellet.   
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Figure 2.6 (A) The Seebeck coefficient of pressed NiCo2S4 pellet as a function of 

temperature. 

 

Attributed to the severe interfacial scattering among the nanoparticles, the 

residual resistivity at 2 K is rather large with ρ2K/ρ300K≈ 0.9, meaning that much higher 

conductivity can be expected in NiCo2S4 single crystals or epitaxial thin films. 

Interestingly, the resistivity increases slightly for T < 20 K with decreasing temperature, 

which can be ascribed to the quantum three-dimensional weak localization effect. 

According to this effect, a linear dependence of ∆𝑅 on √𝑇 is expected and observed 

(Figure 2.5b). It is believed that the weak localization is caused by the electron 

scattering from defects and interfaces between the crystal grains.37 In order to check 

the data accuracy, voltage-current (IV) curves were measured in a four-terminal setup at 

different temperatures, as shown in Figure 2.5c. Obviously, all the acquired IV curves 

are linear in the range of -10 mA to 10 mA indicating an Ohmic behavior. Figure 2.5d 

displays the magnetoresistance of NiCo2S4 as a function of the magnetic field at low 

temperatures. A pronounced positive and quadratic behavior is observed, which is one 
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of the characteristics of normal metals. The magnetoresistance measurement verified 

the metallic nature of NiCo2S4. A slight discrepancy of the magnetoresistance at H=±7 T 

originates from a weak interference of the Hall signal due to minor geometric 

misalignment. Breakdown of the weak localization at low temperature is usually 

expected under magnetic field, indicative of a small negative magnetoresistance (ca. -

0.1%) at low fields. Yet, this phenomenon is not observed in our case, probably because 

we approach the sensitivity limit of the equipment. 

 

Figure 2.7 (A) Magnetic field dependent Hall resistivity of NiCo2S4 at different 
temperatures. The inset gives the Hall measurement configuration. (B) Calculated 
carrier density (red) and mobility (blue) as a function of temperature.  

The Hall resistivity of the pressed NiCo2S4 pellet is presented in Figure 2.7a, in 

which all the curves are corrected by removing the longitudinal resistance contribution. 

The measurement configuration is given in Figure 2.7a as an inset. The linear 

dependence of the Hall resistivity as a function of the magnetic field in the whole 

temperature range, with a negative slope, indicates that the electrical transport in 

NiCo2S4 is dominated by electrons instead of holes. The carrier density can be obtained 

using the slope of the curves (𝑅𝑥𝑦 = 𝑅0𝐻, Hall coefficient𝑅0 = 1/𝑛𝑒) in Figure 2.7a. 
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Moreover, the electron mobility is calculated through 𝜇 = 𝑅0/𝜌𝑥𝑥. Figure 2.7b presents 

the carrier density and electron mobility as a function of temperature. The carrier 

density and mobility of the NiCo2S4 pellet remains nearly constant, with fluctuations on 

the same order of magnitude as those of n with temperature. The carrier density at 2 K 

is calculated to be 3.18×1022 cm-3, which is as high as that of silver (8.37×1022 cm-3).  The 

relatively low mobility is probably related to impurity or defect scattering in the 

nanocrystalline samples. 

 

Figure 2.8 Site projected density of states of NiCo2S4. 
 

 Furthermore, first principles calculations were carried out to determine if theory 

can confirm the experimental results showing the metallic nature of this compound. 

According to neutron diffraction, the crystal structure of NiCo2S4 is a normal spinel.14 

Starting from the experimental structural parameters, we arrive at a lattice constant of 

9.274 Å after structure optimization, which is in good agreement with the measured 

value of 9.319 Å. Our calculations show non-spin polarization. According to the densities 

of states shown in Figure 2.8, there is strong hybridization between the S p states, and 
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the Ni and Co d states near the Fermi level (0 eV). Electronic bands are crossing the 

Fermi level, which is reflected by a finite density of states. Hence, NiCo2S4 is 

undoubtedly metallic, and the theoretical calculation is in accord with our experimental 

results. 

 

2.5 Conclusion 

In summary, single phase powders and pellets of thiospinel NiCo2S4 were 

successfully synthesized by the hydrothermal method.  Several experimental and 

theoretical analyses reveal that NiCo2S4 is in fact a metal rather than a semiconductor, in 

contrast to has been recently reported.  This conclusion explains the excellent 

electrochemical performance reported for this compound in a wide spectrum of 

applications (supercapacitors, fuel cells, and solar cells). We believe that in addition to 

good electrochemical activity of the cations (Ni and Co), the metallic conductivity of 

NiCo2S4 is a key factor in the excellent performance it has achieved in various 

applications. 
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Chapter 3. Self-Templating Scheme for the Synthesis of Nanostructured 

NiCo2S4 Electrodes for Capacitive Energy Storage 

3.1 Summary 

Due to their unique structural features including well-defined interior voids, low 

density, low coefficients of thermal expansion, large surface area and surface 

permeability, hollow micro/nanostructured NiCo2S4 with high conductivity have been 

investigated as new class of electrode materials for pseudocapacitor applications. In this 

project, we demonstrate a novel self-templating strategy to fabricate well-defined single 

and double-shell NiCo2S4 hollow spheres, as a promising electrode material for 

pseudocapacitors. The surfaces of the NiCo2S4 hollow spheres consist of self-assembled 

2D mesoporous nanosheets. This unique morphology results in a high specific 

capacitance (1263 F g-1 at 2 A g-1), remarkable rate performance (75.3% retention of 

initial capacitance from 2 A g-1 to 60 A g-1) and exceptional reversibility with a cycling 

efficiency of 93.8% and 87% after 10000 and 20000 cycles, respectively, at a high 

current density of 10 A g-1. The cycling stability of our ternary chalcogenides is 

comparable to carbonaceous electrode materials, but with much higher specific 

capacitance (higher than any previously reported ternary chalcogenide), suggesting that 

these unique chalcogenide structures have potential application in next-generation 

commercial pseudocapacitors.  
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3.2 Introduction and background 

The fact that fossil fuels will ultimately be depleted has increased efforts aimed 

at using renewable energy sources in our daily life. Yet, the intermittency and unstable 

nature of some renewable energy sources such as solar and wind energy has driven the 

demand for energy storage devices.38-41 Batteries, which are expected to feature 

prominently in any renewable energy system, suffer from low power density and short 

cycling stability,38, 42-43 which can limit their utilization. In this case, supercapacitors, 

which offer a much longer life cycle, higher power density and safer operation than 

batteries, can be used to compliment batteries, where high power is needed. 

Supercapacitors can be generally classified into two types, depending on the underlying 

energy storage mechanism. One type is the electrical double-layer capacitors (EDLCs) 

which store electrical energy by charge accumulation at the electrode/electrolyte 

interface. The other type is pseudocapacitors which are based on the fast and reversible 

redox reactions at the surface of electro-active materials, thus offering much higher 

specific capacitance and energy density than EDLCs.38, 44-46 Previously developed 

pseudocapacitors have been based on transition metal oxides, hydroxides and 

conducting polymers which invariably suffer from either low conductivity or poor 

electrochemical stability, largely limiting their applications.47-51 Therefore, it is 

imperative to create alternative pseudocapacitive materials with low cost, desirable 

electrical conductivity, highly porous structure, high specific surface area, desirable ionic 

permeability, large capacitance and good electrochemical stability.52-53 
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Due to their unique structural features including well-defined interior voids, low 

density, low coefficients of thermal expansion, large surface area and surface 

permeability, hollow micro/nanostructured binary transition metal sulfides such as 

nickel sulfide and cobalt sulfide have been widely investigated as a new class of 

pseudocapacitive electrode materials.54-59 Unfortunately, the previous reports showed 

either relatively low specific capacitance or poor rate capability, as well as quite limited 

enhancement of cycle life. In addition, the post-removal of templates in the template-

based methods always required an additional time-consuming step to remove the 

template.  

Very recently, it has been reported that mixed transition-metal-sulfides 

particularly nickel cobalt sulfides (NiCo2S4) showed excellent properties when used as 

pseudocapacitive material. These results are due to the intrinsic stability, metallic 

conductivity, and richer redox reactions than the corresponding single component 

sulphides, in much the same way as NiCo2O4 to the corresponding single component 

oxides.16-17, 60-61 In addition, it has been well demonstrated that an outer protection 

layer is important to stabilize the nanostructured ultrathin hollow spheres.62-64 In this 

sense, double-shell hollow structures of NiCo2S4 with protection outer layer, large 

surface area, highly porous structure and desirable ionic permeability may be an 

excellent potential pseudocapacitive material. To date, while binary transition-metal-

sulfides have been well established, it remains a challenge to fabricate well-defined 

hollow structures of ternary transition-metal-sulfides such as NiCo2S4. 
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In this project, we demonstrate a self-templating strategy to controllably 

fabricate well-defined NiCo2S4 (NCS) single and double-shell hollow spheres (HS) for high 

performance pseudocapacitors. The size of the interior void of these hollow spheres 

could be easily tuned by tailoring the size of the starting silica template, generating 

significant difference in electrochemical performance. Even more, the size effect of 

template and morphology-dependent enhancement of pseudocapacitive performance is 

demonstrated.  

3.3 Experimental section 

3.3.1 Synthesis of silica template 

Monodisperse SiO2 solid spheres with varied size were prepared using a modified 

Stober precess.65 In a typical synthesis of ca. 750 nm silica, 6 mL of TEOS was rapidly 

added into a mixture of 62 mL of ethanol and 12 mL of ammonia (30-30%). The mixture 

was stirred mildly for 1 h, repeatedly washed with DI water and ethanol. To acquire ca. 

490 nm and ca. 380 nm silica, typically, 9 mL or 3 mL of ammonia (30-33%) as catalyst 

was added into the starting reagents contained 4.5 mL of TEOS, 24.75 mL of H2O, and 

61.75 or 67.75 mL of ethanol, respectively. Afterwards, this mixture was kept at room 

temperature for 2 h, and followed washing and drying. Particularly, ca. 100 nm silica 

was obtained from a mixture of 2 mL of TEOS, 8 mL of ammonia (30-33%), 75 mL of 

methanol and 10 mL of DI water. After stirring at room temperature for 2 h, the 

products were washed and dried in air. 
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3.3.2 Synthesis of Ni-Co hydrosilicate precursor  

Typically, 5 mmol of silica solid sphere template with different diameter or 

commercial silica nanoparticle were dispersed in 40 mL of DI water, followed by the 

addition of 16.7 mmol of urea, 0.3 mmol of Ni(NO3)2·6H2O, and 0.6 mmol of 

Co(NO3)2·6H2O. After vigorous stirring at room temperature for 0.5 h, the thoroughly 

mixed solution was kept at 105 °C for 12 h under mildly stirring. After cooling down 

naturally, the product was centrifuged and washed. 

3.3.3 Synthesis of NiCo2S4 single-shell hollow spheres and NiCo2S4 nanosheets  

0.1 g of the as-prepared precursor was re-dispersed into 40 mL of DI water, 

following by the addition of 0.3 g of Na2S. After vigorous stirring for 15 min, this solution 

was subsequently transferred into a Teflon-lined autoclave and kept at 160 °C for 12 h. 

The final product was washed and dried in a vacuum at 60 °C. After drying, the as-

prepared powder was annealed under N2 atmosphere at 300 degree for 0.5 h prior to X-

ray diffraction measurement to determine the crystal phase.  

3.3.4 Synthesis of NiCo2S4 double-shell hollow spheres  

The core-shell NCS@SiO2 structure were prepared through a versatile Stober sol-

gel methods as follow.65-66 60 mg of NCS HS was re-dispersed into 280 mL of ethanol, 

followed by the addition of 70 mL of DI water and 5 mL of ammonia (30-33%). 

Afterwards, 4 mL of TEOS was added by dropwise in 10 min, and the reaction was kept 

at room temperature for 12 h under mildly stirring to obtain the NCS@SiO2 core-shell 
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products.  Next, 0.1 g of the resultant core-shell structure was added into 40 mL of DI 

water which contained 0.3 g Na2S. After thoroughly mixed, this solution was kept at 160 

°C for 12 h in the autoclave. After centrifugation and wash, the resultant was annealed 

under N2 atmosphere at 300 degree for 0.5 h prior to X-ray diffraction measurement to 

determine the crystal phase. 

3.3.5 Materials characterization  

The morphology and microstructure were investigated by SEM (Nova Nano 630, 

FEI) and TEM (Titan 80-300 kV (ST) TEM, FEI), and the elemental presence and 

composition were identified using energy-dispersive X-ray spectroscopy (EDS) and XPS 

analysis (Kratos AXIS Ultra DLD). The XRD measurement was conducted on a powder X-

ray diffraction system (XRD, Bruker, D8 ADVANCE) equipped with Cu Kα radiation (λ = 

0.15406 nm). BET surface area of the samples were determined using surface area and 

porosimetry system “Micromeritics” (ASAP 2420) at 77 K. Before measurements, the 

samples were dried at 70 °C for 10 h in a Vacuum oven and then degassed at 200 °C for 

6 h until the vacuum was less than 2 μm Hg. 

3.3.6 Electrochemical measurements  

The electrochemical tests were carried out at room temperature in three-electrode 

(half-cell) configurations with NiCo2S4 as a working electrode, a Pt wire as the counter 

electrode, and saturated calomel electrode (SCE) as the reference electrode. The 

working electrodes with a mass loading of ca. 1 mg cm-2 were prepared by coating the 
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active NiCo2S4, acetylene black and polyvinylidene fluride (PVDF) in a weight ratio of 7 : 

2 : 1 on the carbon cloth. 1 M KOH was used as electrolyte for all measurements. 

The specific capacitance was then calculated from the galvanostatic charge-

discharge (CD) curves as: 

𝐶 =
𝐼

𝑚
Δ𝑉

Δ𝑡

     (Equation 3.1) 

Where m is the total mass loading of the electrode, I is the constant current for charge-

discharge and 
Δ𝑉

Δ𝑡
 is slope of the discharge curve.67 

 

3.4 Results and discussions 

As schematically illustrated in Figure 3.1a, the synthesis strategy of NiCo2S4 

hollow spheres can be generally described as hydrolysis-sulfidation process. First, as-

prepared 350 nm silica spheres were used as a template and raw material to prepare 

nickel cobalt silicate hydroxide precursor through a facile hydrolysis process at 105 °C. 

As shown in Figure 3.2, the color of starting materials changes from light gray to pink 

after the hydrolysis process, demonstrating the formation of nickel cobalt hydrosilicate, 

which originates from the co-precipitation of Ni2+ and Co2+ cations on the surface of 

monodispersed silica nanospheres in an alkaline solution.68 In order to investigate the 

phase and structure at various stages of the reaction, X-ray diffraction (XRD) patterns 

were recorded. The typical XRD pattern of the precursor (Figure 3.3) showed one broad 

diffraction peak around 23°, which can be assigned to the amorphous silica phase. In 
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addition, the two peaks around 34° and 60° could be assigned to the (200) and (600) 

planes of crystalline (Ni,Co)3Si2O5(OH)4 phase, although the exact crystal structure 

remains unsolved.33  

 

Figure 3.1 (A) Schematic of the synthesis of NiCo2S4 hollow spheres. (B) TEM image of 
the 350 nm silica based precursor. (C) FESEM and (D) TEM images of 300 nm NiCo2S4 
hollow sphere obtained from Ni-Co hydrosilicate precursor. (E) EDS-STEM line scan of 
300 nm NiCo2S4 hollow sphere; the purple, blue and red lines represent counts of nickel, 
cobalt and sulfur signals along the solid yellow line, respectively. (F) HRTEM image and 
(G) the corresponding selected-area electron-diffraction pattern of 300 nm NiCo2S4 
hollow sphere. 

The as-prepared precursor retains the original morphology of the silica template 

with a diameter of 300 nm, as clearly shown in Figure 3.1b. The corresponding high-
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angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

image and elemental analysis also reveal the core-shell structure and the successful 

formation of Ni-Co hydrosilicate of our (Ni,Co)3Si2O5(OH)4@SiO2 precursor (Figure 3.4). 

The obvious empty gap between the inner silica core and the outer Ni-Co hydrosilicate 

shell shows that the silica not only serves as a template, but also gets involved in the 

hydrolysis reaction. Next, the well-defined NiCo2S4 hollow spheres (HS) were derived 

from the precursor via a facile in-situ sulfidation process using Na2S as sulfur source. 

During the chemical transformation process, the silica cores are etched simultaneously 

by NaOH, which is released from the hydrolysis of Na2S, eliminating the need for an 

additional etching step to remove the silica template. The crystal phase and structure of 

the product after sulfidation were investigated by XRD. All diffraction peaks (Figure 3.3) 

can be assigned to thiospinel NiCo2S4 without any noticeable second phases.  

 

Figure 3.2 Digital photographs of raw materials, precursor and final NiCo2S4 hollow 

sphere exhibit gray, pink and black color, respectively. 

Figure 3.1c-d reveals the morphology and microstructure of the as-obtained 

NiCo2S4 hollow spheres (Black solution in Figure 3.2). Interestingly, these hierarchical 

hollow spheres are entirely self-assembled from ultrathin mesoporous NiCo2S4 
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nanosheets with a thickness of few nanometers,57 thereby resulting in large surface-to-

volume ratio and highly mesoporous structure. Such a structure offers a large interfacial 

area between the electroactive NiCo2S4 and the electrolyte ions, and short diffusion 

paths for fast ionic diffusion, which is highly desirable for pseudocapacitors. From the 

close-up STEM images in Figure 3.5, an outer rough surface of the hollow spheres, 

consisting of curved nanosheets, with a thickness around 20 nm, can be discerned. The 

lattice fringes with different orientations shown in Figure 3.1f suggest that the as-

obtained NiCo2S4 HS is polycrystalline in nature, which is confirmed by the 

corresponding selected-area electron-diffraction (SAED) pattern in Figure 3.1g. 

 

Figure 3.3 XRD pattern of precursor (red line) and as-obtained 300 nm NiCo2S4 hollow 

sphere (black line).  
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Figure 3.4 (A) High-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) image of as-obtained precursor and (B) the corresponding EDS line-scan 

along the white line in Figure 3.4a for nickel, cobalt, oxide and silicon. (C) The EDS 

elements analysis of precursor.   

Energy-dispersive X-ray spectroscopy (EDS) and X-ray photoelectron 

spectroscopy (XPS) were carried out to provide further insight into the hollow interior as 

well as the chemical composition and oxidation states of the as-prepared NiCo2S4 HS. 

Figure 3.1e shows the EDS-STEM line scans of the 300 nm NiCo2S4 HS for nickel, cobalt 

and sulfur. The profiles of Ni, Co and S have a broad spectrum throughout the entire 

diameter but are more prominent at the boundary region, corresponding to the hollow 

nature of the of NiCo2S4 spheres. Figure 3.6 shows the typical energy-filtered 

transmission electron microscopy (EFTEM) elemental mapping for 300 nm NiCo2S4 HS. A 

uniform distribution of the elements Ni, Co, and S on the surface of the hollow sphere is 
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clearly visible, further demonstrating the successful preparation of thiospinel NiCo2S4.  

Furthermore, N2 adsorption/desorption measurements (Figure 3.7) demonstrate that 

the NiCo2S4 HS themselves are mesoporous in nature with uniform pores of around 3 

nm, possessing a large BET surface area of 122 m2 g-1. Such highly mesoporous HS 

structure with exceptional surface permeability for electrolyte ions is the ideal 

morphology for pseudocapacitor applications because it can enhance electrochemical 

surface reactions. 

 

Figure 3.5 (A, B, C) High-angle annular dark-field scanning transmission electron 
microscopy (HAADF-STEM) images of 300 nm NiCo2S4 hollow sphere and the 
corresponding energy-dispersive X-ray spectroscopy (EDS) elemental mapping of (D) Ni, 
(E) Co and (F) S, respectively. 
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Figure 3.6 (A) Typical transmission secondary electron image of the NiCo2S4 hollow 
sphere; and the corresponding energy-filtered transmission electron microscopy 
(EFTEM) elemental mapping of (B) nickel, (C) cobalt and (D) sulfur, respectively. 

 

 

Figure 3.7 (A) Nitrogen adsorption and desorption isotherms of the representative 

NiCo2S4 double shell hollow sphere. (B) The pore size distribution of 300 NCS, NCS DSHS 

and NCS Nanosheet. (C) The summarized data of the N2 adsorption and desorption 

measurements for all samples. 
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It has been reported that the sphere size can significantly affect the 

electrochemical performance for nanostructured hollow spheres in other material 

systems.69-70 We have therefore prepared various sizes of NiCo2S4 hollow spheres (700 

nm, 450 nm, 300 nm and 100 nm in diameter) using different size silica templates, 

henceforth referred to as 700nm-NCS to 100nm-NCS. The electrochemical properties of 

different size NiCo2S4 HSs were investigated by three-electrode configuration in 1.0 M 

KOH solution. Figure 3.8a-b shows the cyclic voltammetry (CV) and galvanostatic 

discharge curves obtained at 20 mV s-1 and 10 A g-1 for all samples, respectively. One 

pronounced pair of peaks can be observed in the representative CV curves, clearly 

revealing the pseudocapacitive characteristics of these materials.12, 17, 71 The formation 

of the broad redox peaks can be attributed to the highly reversible Faradaic reactions of 

Ni2+/Ni3+ and Co2+/Co3+/Co4+ pairs with electrolyte anions OH-, according to the following 

equation:61, 72 

𝑁𝑖𝐶𝑜2𝑆4 + 2𝑂𝐻− ↔ 𝑁𝑖𝑆4−2𝑥𝑂𝐻 + 2𝐶𝑜𝑆𝑥𝑂𝐻 + 2𝑒− (Equation 3.2) 

𝐶𝑜𝑆𝑥𝑂𝐻 + 𝑂𝐻− ↔ 𝐶𝑜𝑆𝑥𝑂 + 𝐻2𝑂 + 𝑒− (Equation 3.3) 

Moreover, multiple distinct voltage plateaus are manifested in the galvanostatic 

discharge profiles which suggest the presence of reversible redox reactions, consistent 

with the electrochemical behavior of the CV curves. The small voltage (IR) drop 

observed in the galvanostatic discharge curves is attributed to the high conductivity of 

NiCo2S4, 16
 resulting in low equivalent series resistances (ESR) which results in high 

pseudocapacitive performance. At the same scan rate of 20 mV s-1, it is obvious that the 
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integrated area of CV curves (from 700nm-NCS to 100nm-NCS) firstly increases and then 

decreases, suggesting a strong influence of the sphere size on electrode capacitance. 

The galvanostatic discharge curves also illustrate varied discharge periods at current 

density of 10 A g-1, matching with the results from CV measurements. 

 

Figure 3.8 (A) Cyclic voltammetry curves at same scan rate of 20mV s-1; (B) galvanostatic 

discharge profiles at same current density of 10 A g-1; and (C) summary of specific 

capacitance as a function of current density of all studied samples. (D) Summary of 

specific capacitance as a function of average diameter of NiCo2S4 hollow sphere. (E) 

Cycling stability performance at current density of 10 A g-1 and (F) representative TEM 

images of all as-prepared samples.  

 Figure 3.8c presents the specific capacitance for all studied samples. It is clear 

that 300nm-NCS HS has higher specific capacitance (997 F g-1 at 2 A g-1) than the other 

samples (901, 929 and 745 F g-1 for 700nm-NCS, 450nm-NCS and 100nm-NCS at 2 A g-1, 

respectively). Figure 3.8d clearly shows that the pseudocapacitive performance of our 

NiCo2S4 hollow spheres is strongly correlated to the diameter size, especially for the 

cycling stability performance (Figure 3.8e); similar phenomena of size-dependent 
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electrochemical performance was also observed in battery materials such as SnO2 

hollow spheres.69 The sphere size effect on the NiCo2S4 performance can be explained 

by the following factors. First, the BET surface area of the four studied hollow sphere 

sizes initially increases from 700nm-NCS to 300nm-NCS and then decrease dramatically 

from 300nm-NCS to 100nm-NCS, a fact that has been revealed by the BET measurement 

(Figure 3.7). The larger surface area can offer a higher concentration of 

electrochemically active sites, larger interfacial area between the electroactive materials 

and the electrolyte ions, and shorter diffusion paths for fast ionic diffusion, all of which 

can promote the electrochemical performance.7 Second, it is well known that the 

spherical shell geometry is capable of withstanding extreme stresses, and the maximum 

tensile stress in a hollow Si sphere is ca. 5 times lower than that of a solid Si sphere of 

equal volume, during electrochemical reaction.69, 73-74 Therefore, the larger size NiCo2S4 

HS is more fragile during the long-term cycling measurement. Hence, the smaller sized 

silica template results in better NiCo2S4 HS integrity which can endure the large volume 

change without pulverization.69 Third, as mentioned above, the silica in this case is used 

as a starting material and plays the role of a self-dissolving template. The empty gap 

between shells shown in Figure 3.1b successfully demonstrates the partial dissolution of 

silica template as it participates in the hydrolysis reaction. As illustrated in Figure 3.8f, 

the 700, 450 and 300 nm silica spheres are large enough to act as template, resulting in 

a uniform morphology and well-defined NiCo2S4 HS. Yet, the data appears to show that 

the 100 nm silica template might be too small to support the formation of an outer 

shell. Thus, the morphology of final product prepared by templating with 100 nm silica 
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(Figure 3.8f) is a mixture of random quasi-hollow spheres and nanosheets with the 

lowest BET surface area among all samples. These factors result in the worst 

electrochemical performance and worst capacitance retention for the 100nm-NCS. This 

particular morphology is full of defects and cracks, which can more easily lead to 

pulverization of the NiCo2S4 electrode into small fragments. Thus, we can conclude that 

there is a critical sphere size for obtaining good electrochemical performance for our 

NiCo2S4 HS electrodes. The optimized 300nm-NCS HS electrode exhibits a high specific 

capacitance of 997 F g-1 at 2 A g-1, good rate performance and impressive long cycle life 

at high current density of 10 A g-1 (retention 90.3% and 82% after 10,000 and 20,000 

cycles, respectively). This result is one of the most stable pseudocapacitive materials 

among the reported materials in the literature.     

As we have demonstrated in the previous section, the NiCo2S4 hollow sphere 

electrodes made using 300 nm silica sacrificial template display optimal electrochemical 

performance. Notwithstanding the remarkable performance, the cycle life of 300nm-

NCS HS need to be competitive with commercial carbonaceous material electrodes. 

Recognizing, that an outer protection layer can be used to stabilize hollow electrode 

structures, we decided to study the effect of placing a second chalcogenide shell around 

the first one. Hence, a second highly conductive NiCo2S4 protection shell was directly 

coated on the first 300nm-NCS hollow sphere, resulting in a NiCo2S4 double shell 

structure. As illustrated in Figure 3.9a, a TEOS (tetraethyl orthosilicate)-driven silica was 

used to deposit a uniform and conformally deposited layer on the surface of 300nm-NCS 
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hollow spheres via a versatile Stober sol-gel method.62, 66 Afterwards, the NiCo2S4 outer 

shell was formed using the same hydrolysis-sulfidation process.  

 

Figure 3.9 (A) Schematic illustration of the synthesis concept of NiCo2S4 double shell 

hollow sphere. (B, C) TEM images of 300 nm NiCo2S4 hollow sphere@SiO2 core-shell 

structure. (D, E) TEM images of homogeneous NiCo2S4 double shell hollow sphere with a 

shell thickness of around 150 nm. 

Figure 3.9b-c reveals TEM images with different magnification for 300nm-NCS 

HS@SiO2 core-shell structure. Obviously, the NCS HS retains the 300 nm hollow interior 

with around 100 nm second shell of silica. After the same hydrolysis-sulfidation process, 

the dense silica outer shell transforms into highly porous nanosheet arrays on the 

surface, with a thickness of around 150 nm, as shown in Figure 3.9d-e. XRD 
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measurement shows again single NiCo2S4 phase for the NCS double shell structure 

(Figure 3.10).  

 

Figure 3.10 XRD pattern of NiCo2S4 double shell hollow sphere. 

To demonstrate the morphology-dependent improvement of electrochemical 

properties, the results of NiCo2S4 nanosheets preparation based on commercial silica 

nanoparticle is included for comparison. The N2 adsorption/desorption experiments 

were used to measure the surface area of single and double shell hollow spheres, which 

had a BET surface area of 29, 122, and 117 m2 g-1, respectively. Figure 3.11a-b shows the 

CV and CD profiles of NCS double-shell hollow spheres under different scan rate and 

current density. They manifest similar redox peaks and distinct voltage plateaus as the 

single-shell NCS hollow spheres, suggesting the analogous pseudocapacitive behavior. 

The CD profiles show highly symmetric feature of the charge-discharge process, 

implying the high efficiency of NiCo2S4 electrode, excellent reversibility of redox 

reactions and their superior rate capability as well. The anodic peaks shift to higher 
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potential while the cathodic peaks shift to lower potential with increased scan rate due 

to the fast charge and discharge rates.17 This yields wider potential difference between 

anodic and cathodic peaks, resulting in a capacitance decrease.  

 

Figure 3.11 (A) Cyclic voltammetry and (B) galvanostatic charge-discharge profiles of 
NiCo2S4 double shell hollow sphere (HS). (C) Comparison of cyclic voltammetry curves at 
same scan rate of 20 mV s-1 and (D) galvanostatic discharge profiles at same current 
density of 10 A g-1 of NCS nanosheets, single-shell HS and double-shell HS. (E) Summary 
of specific capacitance and (F) cycling stability performance at current density of 20 A g-1 
of NCS nanosheets, single-shell HS and double-shell HS. 

Figure 3.11c shows CV curves of single and double-shell NCS hollow spheres 

measured at the same scan rate of 20 mV s-1. It can be clearly seen that the integrated 

area under the CV curve is higher for the double-shell NCS hollow spheres, meaning 

better electrochemical performance. Furthermore, the longer discharge period 

observed in Figure 3.11d of NCS double-shell hollow sphere confirms their better 

performance, a fact that is consistent with the results observed in the CV 

measurements. Figure 3.11e-f summarizes the detailed pseudocapacitive performance 
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for the three products with different morphology. It is evident that the double-shell NCS 

hollow spheres show the highest specific capacitance of 1263 F g-1 at 2 A g-1, remarkable 

rate capability (75.3% retention of initial capacitance from 2 A g-1 to 60 A g-1), as well as 

superior cycling stability (93.8% and 87% capacitance retention after 10,000 and 20,000 

cycles at a high current density of 10A g-1, respectively). These results are superior to 

those of the single-shell NCS hollow sphere and the NCS nanosheet. Based on the above 

impressive performance, especially the super-long cycle life which is comparable to that 

of carbonaceous materials, we can conclude that the NiCo2S4 with this unique structure 

is a promising materials for next-generation pseudocapacitors.   

To sum up, the NCS double-shell hollow spheres exhibit the best performance 

among the different NiCo2S4 morphologies studied in this work. Our performance is 

superior to that of all reported ternary nickel cobalt sulfides based materials.7, 12, 32-33, 60, 

75-78 This phenomenon may be attributed to the unique double shell structure which 

offers many desirable features. First of all, the highly porous double shells surfaces are 

covered with self-assembled nanosheets which are full of mesopores (with size 

distribution centered around 3-5 nm). These can provide significant number of 

electroactive sites and shorter diffusion paths for charge transports, facilitating the 

redox reactions compared to their bulk or solid counterparts.57 Besides, the nanometer-

sized sheets are able to reduce diffusion time of the electrolyte ions, and can 

accommodate the strain during the OH- insertion and extraction during electrochemical 

cycling.79 Further, the sacrificial-template growth process that we have developed 



65 
 

results in robust adhesion between the inner and outer shells, leading to better stability 

during cycling.  In addition, the NCS double shell structure offers an impressively high 

surface area, suggesting the possibility of the exposure of numerous active sites 

available for reaction on the electrode surface.7 Moreover, the higher meso/macro-pore 

volume of double-shell NCS can boost the electrolyte ions trapping and access to the 

active sites. In addition, the vertically coated curved nanosheet arrays of the NCS 

double-shells can increase the contact area between neighboring double-shells and 

provide a superb pathway for fast electron transportation through the electrodes.17, 80 

Thus, we observed a higher electrical conductivity of NCS double-shells (720 µΩ cm) 

over its single shell counterparts (1600 µΩ cm).  What’s more, the void space in the 

hollow structure can better accommodate any volume change during cycling 81 and the 

thicker shell of the double-shell structure (150 nm vs. 20 nm for single shell 300nm-NCS) 

with high conductivity can more efficiently endure the extremely long cycling 

measurements, leading to better cycling performance as shown in Figure 3.11f (87% 

capacitance retention of NCS double-shells vs. 82% retention of 300nm-NCS single shell 

after 20,000 cycles). In contrast, the much poorer mechanical integratity of 

monodispersed or aggregated NCS nanosheets makes them pulverize more easily during 

electrochemical cycling, presenting unsatisfactory cycling stability (only 34% capacitance 

retention after 20,000 cycles). These results demonstrate that such the spherical double 

shell construction of NiCo2S4 produces a pseudocapacitive material with superb 

performance.    
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3.5 Conclusion 

In summary, we have demonstrated a facile hydrolysis-sulfidation strategy to 

fabricate well-defined NiCo2S4 hollow spheres with single and double shell 

configuration. The unique attributes of the double shell hollow spheres include stable 

structure, high surface area, high permeability and void space, and remarkable 

pseudocapacitive performance in terms of ratability and extreme cycling stability. The 

cycling stability of our ternary chalcogenides is comparable to carbonaceous electrode 

materials, but with much higher specific capacitance (higher than any previously 

reported ternary chalcogenide), suggesting that these unique NiCo2S4 electrodes are 

promising pseudocapacitive materials for commercial applications. Importantly, this 

work also provides new insight into the controllable fabrication of mixed transition 

metal chalcogenides with excellent properties.   
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Chapter 4. One-Step Electrodeposited NiCo2S4 Nanosheet Arrays for High-

Performance Asymmetric Supercapacitors 

4.1 Summary 

In this project, a facile one-step electrodeposition method is developed to prepare 

ternary nickel cobalt sulfide (NiCo2S4) interconnected nanosheet arrays on conductive 

carbon substrates as electrodes for supercapacitors, resulting in exceptional energy 

storage performance. Taking advantages of the highly conductive, mesoporous nature 

of the nanosheets and open framework of the three-dimensional nanoarchitectures, the 

ternary sulfide electrodes exhibit high specific capacitance (1418 F g-1 at 5 A g-1 and 1285 

F g-1 at 100 A g-1) with excellent rate capability. An asymmetric supercapacitor fabricated 

by the ternary sulfide nanosheet arrays as positive electrode and porous graphene film 

as negative electrode demonstrates outstanding electrochemical performance for 

practical energy storage applications. Our asymmetric supercapacitors show a high 

energy density of 60 Wh kg-1 at a power density of 1.8 kW kg-1. Even when charging the 

cell within 4.5 s, the energy density is still as high as 33 Wh kg-1 at an outstanding power 

density of 28.8 kW kg-1 with robust long term cycling stability up to 50000 cycles. 

 

4.2 Introduction and background 

Development of energy storage devices with high energy and power outputs, 

long lifetime, and short charging time is urgently needed to meet the increasing demand 

for energy and power in our daily life.82-84 Supercapacitors are emerging as very 

promising energy storage devices with some excellent properties such as high power 
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density, long cycle life, fast charge time and safe operation mode.2, 85-86 However, 

supercapacitors suffer from relatively lower energy density as compared to 

rechargeable lithium batteries.2 In the recent years, great research progress has been 

accomplished for the improvement of supercapacitor performance by the fabrication of 

nanostructured electrode materials.87-88 The carbon-based materials, transition metal 

oxides/hydroxides and conducting polymers are among the most intensively explored 

supercapacitor materials for energy storage applications.89-92 Typically, supercapacitors 

using carbon-based materials (activated carbon, carbon nanotubes, graphene, etc.) 

show low capacitance due to their surface dominant electrochemical double layer 

storage mechanism.93-95 Transition metal oxides and hydroxides (MnO2, Co3O4, MoO3, 

Ni(OH)2, etc.) and conducting polymers (polyaniline, polypyrrole, poly(3,4-

ethylenedioxythiophene), etc.) show higher capacitance owing to their redox-reaction 

enriched energy storage mechanism.  However, these materials have either low 

conductivity or poor electrochemical stability, a fact which has largely limited their 

widespread applications in supercapacitors.45, 96-101 Therefore, it is important to develop 

new electrode materials with desirable supercapacitor properties, such as high electrical 

conductivity, porous structure, large capacitance and good electrochemical stability. 

Recently, transition metal sulfides including binary cobalt sulfides, nickel sulfides, 

copper sulfides and ternary nickel cobalt sulfides are investigated as novel 

supercapacitor electrode materials with improved electrochemical performance.102-108 

Chang et al. prepared hollow CoS hexagonal nanosheets by a hydrothermal method and 
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the supercapacitor based on these CoS showed a capacitance of 326.4 F g-1 under high 

current density of 64.6 A g-1 in the three electrode measurement.109 Zeng et al. 

synthesized flower-like NiS for supercapacitors with high specific capacitance of 965.98 

F g-1 at current density of 0.5 A g-1 in the three electrode measurement.110 Lou et al. 

reported a multiple-step and template-engaged method to grow CuS nanoneedles on 

the carbon nanotubes, and the supercapacitor using this composite showed capacitance 

of 114 F g-1 at scan rate of 2 mV s-1 in the three electrode test.111 It was reported that 

the ternary sulfides such as nickel cobalt sulfides have electronic conductivity of about 

two orders higher than that of the oxide counterparts and much higher conductivity 

than those of the binary sulfides.112-114 In addition, the electrochemical contributions 

from both nickel and cobalt ions in the ternary sulfides are expected to provide richer 

redox reactions than that of the single binary sulfides (nickel sulfide or cobalt sulfide), 

resulting in better electrochemical energy storage performance.115-116 Recently, Xia et al. 

prepared NiCo2S4 urchin-like nanostructures by a multistep hydrothermal method that 

converted from the corresponding ternary based carbonate hydroxide precursors by S2- 

ions exchange. The supercapacitors based on the NiCo2S4 urchin-like nanostructures 

presented high capacitance of 1149 F g-1 at current density of 0.5 A g-1 in the three-

electrode measurement.117 Wang et al. reported a similar multistep route to grow 

NiCo2S4 nanotube arrays on carbon fiber paper by hydrothermal preparation of the 

carbonate hydroxide precursor, followed by the vulcanization thermal treatment and 

acid etching processes. The obtained NiCo2S4 nanotube arrays exhibited high areal 

capacitance of 0.87 F cm-2 at 4 mA cm-2 in the three-electrode measurement.105 Lou et 
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al. developed a two-step sacrificial template method to prepare NixCo3-xS4 hollow 

nanoprisms that were sulfurized from Ni-Co precursor. The NiCo2S4 hollow prisms 

manifested a high specific capacitance of 895.2 F g-1 when tested as supercapacitor 

material at current density of 1 A g-1 in the three-electrode measurement.33 

Unfortunately, the above mentioned methods involve multistep processes that make 

the development of the ternary sulfides costly, complicated and time consuming. 

Moreover, the lack of real-life demonstration of ternary sulfide based supercapacitor 

(the practical configuration of two-electrode full cell devices) is essential for energy 

storage applications, as recently highlighted by Ruoff et al.118 

We herein report the development of ternary nickel cobalt sulfides with 

controllable composition by a facile one-step electrochemical co-deposition method and 

their application as positive electrodes for asymmetric supercapacitors with excellent 

energy storage properties. The hierarchically interconnected ternary sulfide nanosheet 

arrays grown on conductive carbon cloth exhibit very high capacitance of 1418 F g-1 at 

current density of 5 A g-1 in the three-electrode measurement, and the capacitance kept 

as high as 90.6% (1285 F g-1) when the current density increased to 100 A g-1. The 

asymmetric ternary sulfide//graphene supercapacitor, where the ternary sulfide and 

graphene act as positive and negative electrodes respectively, shows very high energy 

density of 60 Wh kg-1 at power density of 1.8 kW kg-1 with charge time of 247.7s. Even 

under very short charge time of 4.5 s, the asymmetric supercapacitor still kept high 

energy density of 33.3 Wh kg-1 at power density of 28.7 kW kg-1.  
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4.3 Experimental section 

4.3.1 Electrochemical co-deposition of Ni-Co-S nanosheet arrays 

The Ni-Co-S with different morphology and composition were electrochemically 

co-deposited onto the flexible carbon cloth with woven carbon fiber configuration. Prior 

to the electrodeposition, the carbon cloth was wetted and cleaned by acetone and 

water, respectively. The electrodeposition solution contains 5 mM CoCl2∙6H2O with 

different concentrations of NiCl2∙6H2O (1 mM, 2.5 mM, 5 mM, 7.5 mM and 10 mM) and 

0.75 M thiourea, resulting in the obtained Ni-Co-S electrodes with name of Ni-Co-S-1, 

Ni-Co-S-2, Ni-Co-S-3, Ni-Co-S-4 and Ni-Co-S-5, respectively. The pH value of the solution 

was adjusted by diluted NH3∙H2O to ~6. The electrodynamic deposition was carried out 

in a three-electrode cell using cleaned carbon cloth as the working electrode, Pt as 

counter electrode and Ag/AgCl as reference electrode by the technique of cyclic 

voltammetry at scan rate of 5 mV s-1 for 15 cycles with voltage range of -1.2 to 0.2 V vs. 

Ag/AgCl. The electrodeposited carbon cloth was cleaned by rinsing with a large amount 

of water, followed by drying in air for 12 h and vacuum drying at 80°C for 12 h. The 

electrodeposited area on the carbon cloth is ca. 1 cm2. The mass loading of the Ni-Co-S 

on carbon cloth was determined by the mass difference before and after the 

electrodeposition using a microbalance (Mettler Toledo XP26, resolution of 1 μg).  
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4.3.2 Preparation of graphene films 

The graphene films were prepared according to a modified method reported by Dan Li 

group.119-120 Specifically, the graphene oxide (GO) prepared by a modified Hummer’s 

method was dispersed in water with a concentration of 0.5 mg mL-1. The GO solution 

was subject to bath sonication for 2h (Branson 2510), and followed by ultrasonication at 

160 W (UP400S, Ultrasonic Processor, Hielscher) for another 1h. The GO solution was 

then centrifuged at 3000 rpm for 30 min to remove any unexfoliated GO. The pH value 

of the obtained GO dispersion was adjusted to ca. 10 by NH3∙H2O. We used a 

hydrothermal reaction to reduce the GO and produced well-dispersed graphene 

solution, namely hydrothermally reduced graphene oxide (HTrGO), which was reported 

by our and other studies elsewhere.121-123 Subsequently, the HTrGO dispersion was 

vacuum filtered through an AAO membrane (pore size of 0.2 µm). The vacuum filter was 

disconnected immediately after no dispersion was left. The filtered graphene film on the 

AAO membrane was transferred to water and the graphene film can be easily peeled off 

from the membrane. The graphene film was then attached to the carbon cloth and used 

a negative electrode for the asymmetric supercapacitor.   

4.3.3 Fabrication of NiCo2S4//graphene asymmetric supercapacitors 

 The fabrication of the Ni-Co-S//graphene asymmetric supercapacitors were 

conducted by taking the Ni-Co-S nanosheet arrays and graphene films as positive and 

negative electrodes, respectively. 1 M KOH was used as the electrolyte and a porous 

polymer membrane as the separator (Celgard 3501). The asymmetric supercapacitors 
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were assembled in pouch cells by sealing them into plastic bags to avoid the 

evaporation of the aqueous electrolyte for long time measurement. Prior to the 

fabrication of the asymmetric supercapacitor, the mass of the positive and negative 

electrodes were balanced according to the following equation124: 














VC

VC

m

m

s

s   (Equation 4.1) 

where m is the mass, Cs is the specific capacitance and ΔV is the voltage range for 

positive (+) and negative (-) electrodes, respectively. 

4.3.4 Materials characterization  

The morphology and microstructure of the samples were characterized by SEM 

(Nova Nano 630, FEI) and TEM (Titan 80-300 kV (ST) TEM, FEI). The XPS analysis was 

conducted on a Kratos AXIS Ultra DLD spectrometer. 

4.3.5 Electrochemical measurements  

The electrochemical tests were carried out at room temperature in both three-

electrode (half-cell) and two-electrode (full-cell) configurations. In the three-electrode 

measurements, Ni-Co-S deposited on the carbon cloth was used as the working 

electrode, a Pt wire as the counter electrode and Ag/AgCl as the reference electrode. In 

the full-cell measurement, an asymmetric supercapacitor with Ni-Co-S acting as positive 

electrode and graphene film as negative electrode were assembled into pouch cells. 1M 

KOH was used as electrolyte for all electrochemical measurements. The electrochemical 
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performance was tested in a VMP3 multi-channel electrochemical workstation (Bio-

Logic) by the techniques of electrochemical impedance spectroscopy (EIS), cyclic 

voltammetry (CV) and galvanostatic charge-discharge (CD). The voltage window is from -

0.2 to 0.6 V vs. Ag/AgCl for positive Ni-Co-S electrode, -1.2 to 0 V vs. Ag/AgCl for 

negative graphene electrode, and thus 0 to 1.8 V for the asymmetric Ni-Co-S//graphene 

cell.  

The capacitance values were calculated from galvanostatic charge-discharge 

curves according to the following equations. 

𝐻𝑎𝑙𝑓 𝑐𝑒𝑙𝑙: 𝐶𝑠 =
𝐼

Δ𝑉

Δ𝑡
𝑚

   (Equation 4.2) 

𝐹𝑢𝑙𝑙 𝑐𝑒𝑙𝑙: 𝐶𝑐𝑒𝑙𝑙 =
𝐼

Δ𝑉

Δ𝑡
𝑀

  (Equation 4.3) 

where the specific capacitance (Cs) applies to a single electrode and the cell capacitance 

(Ccell) applies to the full-cell only, I is the applied current in the measurement, 
Δ𝑉

Δ𝑡
 is the 

slope of discharge curve after the voltage drop, m is the mass of the active materials on 

the single electrodes, and M is the total mass of the active materials on both the 

positive and negative electrodes (M=m+ + m-).  

The calculation of energy and power density is based on the total weight of the 

two electrodes in the full cell devices according to the following equations.  

𝐸 =
1

2
𝐶𝑐𝑒𝑙𝑙𝑉

2  (Equation 4.4) 
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𝑃 =
𝐸

𝑡𝑑
=

1

2
𝐶𝑐𝑒𝑙𝑙𝑉

2/𝑡𝑑    (Equation 4.5) 

where E is energy density, P is power density, Ccell is the cell capacitance, V is the 

maximum voltage applied during the charge-discharge measurement, and td is the 

discharge time obtained from the discharge curve. 

4.4 Results and discussions 

The design of the asymmetric supercapacitor with the employment of ternary 

nickel cobalt sulfide (Ni-Co-S) as the positive electrode and graphene film as the 

negative electrode is schematically illustrated in Figure 4.1. It shows that the ternary Ni-

Co-S interconnected nanosheet arrays are grown directly on the woven conductive 

carbon cloth, making the electrode highly porous (macroscopically porous as the whole 

electrode and nanoscopically porous due to the nanomaterial design). This is believed to 

facilitate the electrolyte ions trapping and access to the porous structures, which will 

reduce the electrolyte ions transportation path during the supercapacitor charge-

discharge process. In addition, the porous graphene film attached to the carbon cloth 

acts as an effective negative electrode and further promotes the flow of electrolyte in 

the whole device. 
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Figure 4.1 Schematic of the design of asymmetric supercapacitors by applying 
interconnected Ni-Co-S nanosheet arrays on carbon cloth as positive electrode, and 
porous graphene film as negative electrode. 

We are able to control the growth of the as-prepared Ni-Co-S nanosheets by 

adjusting the concentrations of the electrodeposition solutions. Five different ternary 

sulfides, henceforth referred to as Ni-Co-S-1 to Ni-Co-S-5, have been investigated which 

correspond to the different concentrations of the deposition solutions. As shown in 

Figure 4.2, with the increase of Ni2+ concentration at a specific concentration of Co2+, 

the electrodeposited Ni-Co-S sheets transform from lightly deposited nanosheets with 

large intersheet gaps (Figure 4.2a), to moderately deposited nanosheet arrays (Figure 

4.2b), and then to heavily deposited nanosheet arrays (Figure 4.2c and Figure 4.3), and 

finally to excessively deposited nanosheet films with some cracks due to their 

mechanical expansion (Figure 4.2d). The deposition of Ni-Co-S nanosheet arrays on the 

carbon fibers is successfully achieved, as can be differentiated them from the smooth 

surface of the pure carbon cloth fibers. Importantly, the one-step electrodeposition of 
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the ternary sulfides provides a facile and effective approach for large-scale application, 

which is a distinct advantage compared to other multistep fabrication techniques. The 

different morphology and composition of the Ni-Co-S nanosheet arrays is expected to 

give markedly different electrochemical properties when used as supercapacitor 

electrode, as will be discussed in the next section. It will be further found that the Ni-Co-

S-4 interconnected nanosheet give the best electrochemical performance as 

supercapacitor electrode, and we thus focus on studying this optimized Ni-Co-S 

electrode in this work.  

 

Figure 4.2 SEM images of the electrodeposited Ni-Co-S electrodes with different 
concentrations of deposition solutions. (A) Ni-Co-S-1; (B) Ni-Co-S-2; (C) Ni-Co-S-3; (D) Ni-
Co-S-5. 
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Figure 4.3 shows the morphology and microstructure of the optimized Ni-Co-S-4 

with different magnifications that revealed by scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). The low magnification image of the Ni-Co-S on 

carbon cloth (inset of Figure 4.3a) shows an overview of the integrated electrode, where 

the woven conductive carbon cloth with macroporous nature serves as an excellent 

scaffold for the uniform deposition of the ternary nanosheet arrays (Figure 4.3a). It is 

believed that the adhesion of the Ni-Co-S on carbon cloth is very robust due to the 

uniform materials coating and the merits of the electrodeposition technique. Even after 

heavy deposition of the materials, the resulting electrode retains good macroporous 

nature without blocking its macroscopic pores. This morphology is favorable for the 

effective flow of the electrolyte ions throughout the whole electrode structure, resulting 

in extensive contact of the electrode materials with the electrolyte ions for enhanced 

charge storage reactions. Higher magnification SEM image (Figure 4.3b) demonstrates 

that the vertically grown Ni-Co-S on carbon fiber form a dense array of highly porous 

nanosheets that are interconnected with each other, as confirmed by low magnification 

TEM image (Figure 4.4a). Looking into the detail of the Ni-Co-S microstrutures, it is 

found that in addition to the macroporous nature of the interconnected nanosheet 

arrays, the ultrathin Ni-Co-S nanosheets themselves are mesoporous in nature (Figure 

4.4b and Figure 4.3c). As a result, they form a fully porous nanostructured electrode, 

which is a highly desired morphology for supercapacitor applications. It is further 

revealed that the size of the mesopores in the Ni-Co-S nanosheet is in the range 

between 2 nm and 10 nm (Figure 4.3c). The highly crystalline lattice fringes with 
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different orientations show that the Ni-Co-S nanosheet is polycrystalline in nature. This 

is further confirmed by the selected area electron diffraction (SAED) pattern taken on 

the Ni-Co-S nanosheet (Figure 4.3d). The indexed lattice fringes in Figure 4.3c 

correspond to the Ni-Co-S with composition of NiCo2S4 (JCPDS 043-1477), which is 

consistent with the index SAED pattern with different lattice planes. The absence of 

some lattice planes in Figure 4.3c that appear in the SAED pattern is probably due to the 

spatial limitation of the TEM. Similar designs of nanoporous materials with macroporous 

feature have previously demonstrated as excellent electrodes for supercapacitor energy 

storage devices.125-127 

 

Figure 4.3 Characterization of the Ni-Co-S nanosheet arrays by SEM (A, B) and TEM (C, 
D).  
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We further employed high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) and energy-dispersive X-ray spectroscopy (EDS) 

mapping to study the elemental distribution in the electrode material of Ni-Co-S 

nanosheet arrays. The HAADF-STEM image shown in Figure 4.5a exhibits a uniform layer 

of the interconnected nanosheets, which agrees well with the SEM observation as 

shown in Figure 4.3b. The EDS-STEM elemental mapping images in Figure 4.5b-d 

correspond to the K-edge signals of Co, Ni and S, respectively. The even distribution of 

the Co, Ni and S elements demonstrates the uniform deposition of the Ni-Co-S 

nanosheet arrays, which further confirms the successful preparation of the ternary Ni-

Co-S nanosheets by one-step electrodeposition. 

 

Figure 4.4 TEM images of the Ni-Co-S-4 nanosheets with different magnifications.  
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Figure 4.5 HAADF-STEM image (A) and EDS mapping of the element of (B) cobalt, (C) 
nickel and (D) sulfur, respectively. 

X-ray photoelectron spectroscopy (XPS) analysis was carried out in order to 

further investigate the chemical composition of the Ni-Co-S nanosheets and the 

oxidation state of the detected elements. High-resolution XPS spectra of Co 2p, Ni 2p, 

and S 2p core levels have been recorded and shown in Figure 4.6, which match well with 

those obtained for ternary cobalt nickel sulfides of NiCo2S4.128 The Ni 2p3/2 peaks 

observed at 853.3 and 856.4 eV are characteristic of Ni2+ and Ni3+ species (Figure 4.6a) 

while the Co 2p3/2 peaks observed at 778.5 and 781.6 eV are characteristic of Co3+ and 

Co2+ species respectively (Figure 4.6b).128-129 For the S 2p high resolution XPS spectrum 

(Figure 4.6c), the peak observed at 161.5 eV corresponding to S 2p3/2 core level is typical 
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of metal-sulfur bounds in the ternary metal sulfides and consistent with nickel sulfides 

and cobalt sulfides.130-132 The S 2p peak observed at 169.0 eV is attributed to surface 

sulfur with high oxide state, such as sulfates.131  

 

Figure 4.6 XPS spectra of the Ni-Co-S-4 nanosheets. (A) Ni 2p; (B) Co 2p; (C) S 2p. 

 The electrochemical properties of the Ni-Co-S nanosheets as positive electrode 

were investigated firstly in the three-electrode measurements with 1M KOH as the 

electrolyte. As shown in Figure 4.7a, the cyclic voltammetry curves obtained under 

different scan rates show a pair of redox peaks, representing a typical electrochemical 

behavior of the sulfide electrodes.33, 128 The formation of the redox peaks are probably 

ascribed to the reactions between the electrode material and the alkaline electrolyte, 

according to the following equations61, 105:  

𝑁𝑖𝐶𝑜2𝑆4 + 2𝑂𝐻− ↔ 𝑁𝑖𝑆4−2𝑥𝑂𝐻 + 2𝐶𝑜𝑆𝑥𝑂𝐻 + 2𝑒− (Equation 4.6) 

𝐶𝑜𝑆𝑥𝑂𝐻 + 𝑂𝐻− ↔ 𝐶𝑜𝑆𝑥𝑂 + 𝐻2𝑂 + 𝑒− (Equation 4.7) 

The reversible redox reactions give rise to the formation of CoSOH and NiSOH, similar to 

the reaction mechanism of cobalt sulfides and nickel sulfides as has been previously 

reported.103, 109 The anodic peaks shift to higher potential while the cathodic peaks shift 

to lower potential as the increased scan rate due to the faster charge and discharge 
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rates. The galvanostatic charge-discharge curves show symmetric charge and discharge 

processes even at high current densities (Figure 4.7b), indicating the excellent 

electrochemical features of the ternary sulfides as pseudocapacitor electrodes and their 

superior rate capability. 

 

Figure 4.7 Electrochemical performance of the Ni-Co-S nanosheets as supercapacitor 
electrodes in the three-electrode measurements with 1M KOH as the electrolyte. (A) 
Cyclic voltammetry and (B) galvanostatic charge-discharge curves of the optimized Ni-
Co-S-4 nanosheets; (C) Cyclic voltammetry, (D) galvanostatic charge-discharge curves, 
(E) summary of specific capacitance as function of current density and (F) Nyquist plot of 
all the Ni-Co-S electrodes, respectively. 
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 The electrochemical performance of Ni-Co-S ternary nanosheets with different 

compositions were all investigated as pseudocapacitor materials in the alkaline 

electrolyte. At the same scan rate of 20 mV s-1, the anodic peaks shift to higher potential 

with the increase of Ni2+ concentration in the electrodeposition of Ni-Co-S ternary 

nanosheets (Figure 4.7c). This agrees with the electrochemical behaviors of cobalt 

sulfides and nickel sulfides reported previously, in which the cobalt sulfides showed 

much lower redox reaction potential compared to that of nickel sulfides due to their 

intrinsic electrochemical response to the electrolyte.33, 133-134 In addition, the intensity of 

the current increases with the electrodeposition solution concentration to a maximal 

value and then decreases, resulting in the optimized electrodeposition condition that 

we mentioned in the previous section. The high current density induced by the 

optimized Ni-Co-S-4 nanosheets will give rise to the best energy storage performance 

among all the studied ternary nanosheets. The charge-discharge curves show symmetric 

electrochemical characteristics and very small voltage drops in the discharge process, 

indicating good electrical and ionic conductivity of the ternary sulfides (Figure 4.7d). As 

summarized in Figure 4.7e, the specific capacitances of Ni-Co-S ternary electrodes vary 

with their different compositions within a large range of current densities. Specifically, 

the capacitance of the Ni-Co-S ternary electrodes increases with the concentration of 

Ni2+ in the electrodeposition solution at a given concentration of Co2+, while Ni-Co-S 

electrode prepared with further increased Ni2+ concentration results in much lower 

capacitance. For example, the specific capacitance of Ni-Co-S-4 nanosheets at 10 A g-1 is 

as high as 1354 F g-1, much higher than that of 653 F g-1 for Ni-Co-S-1, 769 F g-1 for Ni-Co-
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S-2, 955 F g-1 for Ni-Co-S-3, and 783 F g-1 for Ni-Co-S-5. The energy storage performance 

of the Ni-Co-S electrodes is probably correlated to their unique morphology as well as 

composition. The very high specific capacitance of 1418 F g-1 at 5 A g-1 for Ni-Co-S-4 

nanosheets is among the highest values that reported so far for metal sulfides.33, 61, 102, 

107, 116-117 Impressively, the Ni-Co-S ternary nanosheets prepared by the facile one-step 

electrodeposition exhibit ultrafast charge and discharge characteristics and outstanding 

rate capabilities. As for the optimized Ni-Co-S-4 nanosheets, the electrode can be even 

charged within a few seconds at a very high current density of 100 A g-1, while its 

specific capacitance can still retain as high as 1285 F g-1. Therefore, it shows very high 

rate capability of 90.6%, superior to that of the other Ni-Co-S nanosheets (range from 

83.7% to 89.2% as labeled in Figure 4.7e). Moreover, the Ni-Co-S-4 nanosheets show the 

best conductivity among all the investigated ternary sulfides, as demonstrated by the 

Nyquist plot in Figure 4.7f. The excellent electrochemical performance of the Ni-Co-S-4 

nanosheets benefits from the following facts. First, the highly conductive Ni-Co-S 

nanosheets contact directly on the conductive carbon cloths to form an integrated 

electrode with superb highways for fast electron transportation and electrolyte ions 

diffusion, which greatly increase the charge rate of the electrode for high-power 

applications. Second, the interconnected nanosheets with mesoporous nanostructures 

grown on the macroporous carbon substrate serve as an ideal platform for the 

supercapacitive energy storage. The porous three-dimensional electrode allows facile 

electrolyte ions access for fast and reversible redox reactions, largely contributing to the 

increased energy storage capacity for high-energy applications. Third, the unique 
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hierarchical morphology of the Ni-Co-S nanosheet arrays is critical to the long-term 

stability of the energy storage devices. Overall, the successful fabrication of the three-

dimensional electrode gains a number of advantages that are benefit for the 

supercapacitive energy storage devices.  

 To further explore the electrochemical properties toward practical application of 

the Ni-Co-S nanosheet arrays, we have fabricated an asymmetric supercapacitor by 

employing the optimized Ni-Co-S as positive electrode and graphene film as negative 

electrode. It is well known that graphene as an excellent supercapacitor material serving 

as a good negative electrode in the alkaline electrolyte due to their promising features 

such as high surface area, good conductivity and superior electrochemical stability.135-137 

The graphene used in this study was prepared by a facile one-pot hydrothermal method 

as reported elsewhere.121-122 As shown in Figure 4.8, the reduced graphene oxide with a 

few layers exhibits a wrinkled characteristic that is ideal to serve as supercapacitor 

electrode, in which the electrolyte ions have full access to the graphene electrode.120, 123  

 

Figure 4.8 SEM image of the graphene as negative electrode material in this study. 
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The electrochemical performance of the graphene electrode was studied in the 

three-electrode measurement with 1M KOH as the electrolyte (Figure 4.9). It is shown 

that the graphene electrode has excellent electrochemical performance in terms of 

rectangular cyclic voltammetry curves (Figure 4.9a), symmetric charge-discharge 

behaviors (Figure 4.9b), and super stable long-term cycling stability (Figure 4.9d). In a 

prolonged voltage window of 1.2 V (from -1.2 V to 0 V), the specific capacitance of the 

graphene electrode can reach as high as 332 F g-1 at current density of 4 A g-1, and it still 

retains 171 F g-1 at current density of 100 A g-1 (Figure 4.9c). Moreover, the graphene 

electrode shows negligible decay of the initial capacitance after 10000 cycles of charge 

and discharge at a high current density of 40 A g-1. The excellent electrochemical 

properties of the graphene electrode indicate that it is ideal to act as negative electrode 

in this study. 

 

Figure 4.9 The electrochemical performance of the graphene negative electrode in 1 M 
KOH electrolyte. (A) cyclic voltammetry; (B) galvanostatic charge-discharge; (C) specific 
capacitance vs. current density; (D) cycling stability. 
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 The asymmetric supercapacitor composed of Ni-Co-S nanosheet arrays as 

positive electrode, graphene film as negative electrode and 1M KOH as electrolyte. The 

mass loading of the two electrode materials was balanced before making the full cell 

devices and the voltage window of the full cell was determined to be 1.8 V, according to 

their individual electrochemical behaviors (Figure 4.10).   

 

Figure 4.10 The cyclic voltammetry profiles of the Ni-Co-S-4 as positive electrode and 
graphene as negative electrode at the same scan rate of 20 mV s-1 in the 1 M KOH 
electrolyte. 

 

Figure 4.11 shows the electrochemical performance of the asymmetric 

supercapacitors. The cyclic voltammetry curves show a pair of distinct peaks under 

different scan rates, corresponding to the redox reactions of Ni-Co-S with the alkaline 

electrolyte (Figure 4.11a).138-139 The nearly symmetric charge and discharge curves with 
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very small voltage drops at different current densities are indicative of good 

supercapacitor behaviors (Figure 4.11b). As summarized in Figure 4.11c, the cell 

capacitance of the asymmetric supercapacitors based on the total masses of the two 

electrodes are in a very high level, ranging from 74 to 133 F g-1. For example, the cell 

capacitance is as high as 133 F g-1 at current density of 2 A g-1, while it is still 74 F g-1 at 

current density of 30 A g-1. The cell capacitances of our asymmetric supercapacitors are 

the highest reported values so far for sulfides based asymmetric supercapacitors.138-141 

The areal capacitance is an important parameter to indicate the total capacitance of the 

device that normalized to the geometrical area at a certain amount of the electrode 

materials. Our asymmetric supercapacitor shows relatively high areal capacitance from 

263 F cm-2 at 2 A g-1 to 146 F cm-2 at 30 A g-1, demonstrating its good capability to 

storage enough energy in a confined area. The Nyquist plot in Figure 4.11d represents 

excellent electrical conductivity of the device with very small cell resistance (0.86 ) 

shown at high frequency range. The disappearance of the semi-circle in the Nyquist plot 

at high frequency range exhibits very small charge-transfer resistance of the device, 

which is probably ascribed to the integrated 3D electrodes that minimize the contact 

impedance between electrodes and electrolyte. 
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Figure 4.11 Electrochemical performance of the Ni-Co-S//graphene asymmetric 
supercapacitors. (A) cyclic voltammetry curves; (B) galvanostatic charge-discharge 
curves; (C) cell capacitance and areal capacitance vs. current density; (D) Nyquist plot; 
(E) cycling stability performance; (F) Ragone plot (energy density vs. power density vs. 
charge time). 

 

 As a critical parameter to determine the energy storage performance for 

practical applications, the long term cycling stability of our asymmetric sueprcapacitor is 

tested and shown in Figure 4.11e. The asymmetric device is capable of retaining 90.1% 

and 82.2% of the initial capacitance after 10000 and 20000 consecutive charge-

discharge tests respectively. The capacitance of the cell degraded slowly with the cycle 

test, however it still retained 63.2% of the capacitance even after 50000 cycles (Figure 

4.12). This is the first ultra-long cycling test that was applied to the asymmetric 

supercapacitors, showing the outstanding cycle life of our devices.  The cycling stability 

of our asymmetric supercapacitor is remarkable when compared to previous studies on 

sulfide based asymmetric supercapacitors reported in the good studies by Zhang et al. 
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(73.1% retention after 3000 cycles for Ni-Co sulfide nanowires//activated carbon cells), 

Lin et al. (90% retention after 5000 cycles for Ni3S2-MWCNT//activated carbon cells), 

and Shen et al. (90.2% retention after 2000 cycles for Co9S8 nanorod//Co3O4@RuO2 

nanosheet based cells). Further, our cycling stability results are highly comparable to 

those of other asymmetric supercapacitors based on different materials,  such as 

CoO@polypyrrole//activated carbon asymmetric supercapacitors (91.5% retention after 

20000 cycles), Ni(OH)2-CNT//activated carbon asymmetric supercapacitors (83% 

retention after 3000 cycles), and graphene-MnO2//SWCNT asymmetric supercapacitors 

(95% retention after 5000 cycles).138, 140-144 Figure 4.11f shows an advanced Ragone plot 

of our asymmetric supercapacitors (energy density vs. power density vs. charge time). 

Impressively, our devices show a very high energy density of 60 Wh kg-1 at a power 

density of 1.8 kW kg-1, and the corresponding charge time is only 248 s. Even when 

charging the cell within 4.5 s, the energy density is still as high as 33 Wh kg-1 at an 

outstanding power density of 28.8 kW kg-1. The obtained high energy and power 

densities of our supercapacitors are one of the highest values reported so far among 

asymmetric supercapacitors. For example, Lin et al. reported a nice study on Ni3S2-

MWCNT//activated carbon asymmetric devices, achieving an energy density of 19.8 Wh 

kg-1 at a power density of 798 W kg-1. Zhang et al. reported Ni-Co sulfide 

nanowires//activated carbon cells with the energy density of 25 Wh kg-1 at a power 

density of 447 W kg-1. Gong et al. reported Ni(OH)2-CNT//activated carbon asymmetric 

supercapacitors with energy density of 50.6 Wh kg-1 at a power density of 95 W kg-1. 

Duan et al. showed a MnO2//graphene asymmetric device with energy density of 23.2 
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Wh kg-1 at a power density of 1 kW kg-1.138, 141, 143, 145 The high energy and power density 

of our asymmetric supercapacitors with very short charge time are of great promising 

for practical energy storage applications.   

 

Figure 4.12 Long-term cycling stability of the asymmetric Ni-Co-S//graphene 
supercapacitors. 

 

4.5 Conclusion  

 In this project, we have demonstrated a facile, one-step electrodeposition 

process of nickel cobalt sulfide nanosheet arrays for high performance asymmetric 

supercapacitors. The reported electrochemical deposition process of the ternary 

sulfides is controllable and has a number of advantages over the conventional multistep 
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processes for the preparation of sulfides. The optimized nickel cobalt sulfides with 

interconnected nanosheet arrays on conductive carbon substrate serves as an excellent 

three-dimensional supercapacitor electrode, showing high specific capacitance (1418 F 

g-1 at 5 A g-1 and 1285 F g-1 at 100 A g-1), excellent rate capability and conductivity. 

Furthermore, the asymmetric supercapacitor fabricated by the optimized nickel cobalt 

sulfide nanosheet arrays as positive electrode, and porous graphene film as negative 

electrode demonstrated outstanding electrochemical performance. Our asymmetric 

supercapacitors showed high energy and power density with short charge time, as well 

as robust long-term cycling stability. The performance we achieved suggests that the 

ternary sulfides prepared by the scalable one-step electrodeposition process have great 

potential in various energy storage technologies.  
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Chapter 5. On-chip Pseudocapacitors Using Ternary NiCo2S4 

5.1 Summary 

In this chapter, we show the successful fabrication of a micro-pseudocapacitor 

based on ternary nickel cobalt sulfide for the first time, with performance substantially 

exceeding that of previously reported micro-pseudocapacitors based on binary sulfides. 

NiCo2S4 micro-pseudocapacitor exhibits a maximum energy density of 18.7 mWh cm-3 at 

a power density of 1163 mW cm-3, opening up an avenue for exploring new family of 

ternary oxides/sulfides micro-pseudocapacitors.  

5.2 Introduction and background 

Microsupercapacitors (MSCs) are promising devices for next generation on-chip 

energy storage due to their high power density, which can complement high energy 

density batteries.2, 146-147 Additional attributes of MSCs include excellent rate capability, 

long cycling lifetime, and superior volumetric capacity to their conventional sandwich 

counter-parts.147-148 The planar configuration of MSCs can allow robust integration with 

functional electronic devices such as microsensors and biomedical implants as micro-

power units.149-150 Hence, a great deal of research has been focused on a variety of 

nanostructured electroactive materials that are amenable for patterning to fabricate in-

plane MSCs. 

Various MSCs based on conducting porous carbon were fabricated employing 

conventional photolithography and deposition or etching schemes. For example, high 
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surface area carbon forms such as activated,151 carbide derived,147 onion like152 and 

carbon nanotubes153 have been patterned employing photolithography followed by 

deposition methods such as ink-jet printing, electrophoretic and spray deposition. 

Further, high temperature chemical vapor deposition (CVD) was also employed in 

growing carbon nanotubes (CNTs) and graphene or both selectively over the patterned 

current collectors.154 Of late, due to compatible solution processability, reduced 

graphene oxide (rGO) has become attractive candidate material for making MSCs 

employing etching scheme in a photolithography technique155 or innovative direct laser 

scribing methods.156 Further, in order to improve the limited capacitance of carbon 

based MSCs, several pseudocapacitve materials including metal oxides/hydroxides 

(RuO2, MnO2 and Ni(OH)2),157-158 and even conducting polymers (PPy, PANI, PEDOT)159-161 

were employed to fabricate high capacity micro-pseudocapacitors. These 

pseudocapacitive materials can undergo fast redox reactions at their nanostructured 

surfaces, contributing to the higher values of capacity and hence energy density. 

Recently, new electrode materials in the form of binary and ternary sulfides have 

been explored as potential candidates for pseudocapacitors.162-163 However, most of the 

studies have been focused on synthesis and investigating their electrochemical 

performance in 3-electrode configuration. To exploit the practical usage of these new 

materials, it is highly desirable to build energy storage devices in a 2-electrode 

configuration.17 In-plane MSCs based on binary metal sulfides such as MoS2 and VS2 

have been fabricated which showed an areal cell capacitance of 5-8 mF cm-2.112, 164 
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Moreover, nanostructured sulfides, in particular, ternary nickel cobalt sulfides have 

become outstanding electrode materials due to their higher conductivity richer redox 

reactions than the single component sulfides due to contributions from nickel and 

cobalt ions. In addition, it was demonstrated that these ternary cobalt nickel sulfides 

exhibit higher electronic conductivity and richer redox reactions than their ternary oxide 

counter-parts, resulting higher capacity values.114 In this project, we demonstrate the 

fabrication of ternary sulfide micro-pseudocapacitors with excellent volumetric 

capacitance and energy density.  

We show the fabrication of nanostructured ternary cobalt nickel sulfide micro-

pseudosupercapacitor employing electrochemical co-deposition over the 

rGO/Au/patterned photoresist. The rGO free-standing films are prepared through 

vacuum filtration from its dispersion. Before doing lift-off, ternary cobalt nickel sulfide 

was electrodeposited to ensure uniform deposition over the entire area. The resulting 

NiCo2S4 MSC exhibits a volumetric capacitance of 211 F cm-3 (areal capacitance of 11.6 

mF cm-2), corresponding to an energy density of 18.7 mWh cm-3 at a power density of 

1163 mW cm-3. This is the best reported performance of any sulfide based micro-

pseudocapacitor. 

5.3 Experimental section 

5.3.1 Photolithography of Current Collector Substrates  

Glass substrates (Fischer) were cut into 1x1ʹʹ size, cleaned with a soap solution to 

remove the dirt or grease followed by sonicating in acetone, isopropanol and deionized 
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water sequentially for 5 minutes each and then dried by blowing nitrogen. Positive 

photoresist AZ9260 was spun coated at 3000 rpm for 60 seconds over the glass 

substrates to get 10 µm thick photoresist layer. Photoresist coated substrates were soft 

baked at 110 °C for 3 minutes. Ultra-Violet (UV) exposure was done using EVG contact 

aligner at a constant dose of 1800 mJ cm-2 through the Cr/Glass mask having the 

interdigitated patterns. After the exposure, samples were developed in AZ726 

developer solution for 6 minutes, which resulted in the formation of patterns in the 

photoresist layer. Metal layers of 200 nm Au/20 nm Ti were deposited by sputtering 

(Equiment Support Co., Cambridge, England) technique over the patterned photoresist 

layer. Before the lift-off process, free-standing rGO film obtained through vacuum 

filtration was transferred onto metal-coated patterned photoresist followed by 

electrochemical co-deposition of nickel cobalt sulfide.17 

5.3.2 Preparation of rGO thin film  

Graphite oxide was prepared from natural graphite source using a modified 

Hummers method.165 Thus obtained graphite oxide was exfoliated in de-ionized (DI) 

water by sonicating using a bath sonicator (UP400S, Ultrasonic processor; Hielscher 

ultrasound Technology) for 1hr. The resulting graphene oxide was then reduced to 

graphene by following a method reported by Li et al.166 Briefly, the homogeneous 

graphene oxide dispersion (5.0 mL) was mixed with 5.0 mL of water, 5.0 μL of hydrazine 

solution (35 wt% in water) and 100.0 μL of ammonia solution (28 wt% in water). The 

optimal hydrazine to graphene oxide weight ratio was 7:10. The mixture was then 
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stirred at 95 °C for 1 hr followed by centrifugation at 10000 rpm for 30 minutes to 

remove flocculated graphene. The supernatant solution containing thin layers of 

graphene was used for obtaining free-standing rGO films. The rGO dispersion was 

filtered using vacuum filtration method on a porous alumina membrane filter (0.2 µm 

pore size and 25 mm diameter; Whatman).167 The alumina membrane was removed by 

dissolving it into a bath of 3 M NaOH solution in order to obtain free-standing rGO film. 

This film was then transferred to a water bath to remove the traces of adsorbed NaOH 

over the rGO surface and this step was repeated for several times. Finally, rGO film was 

transferred onto the Au-coated patterned photoresist chip followed by drying off in a 

heating oven at 60 °C for 3 minutes.  

5.3.3 Electrodeposition of ternary NiCo2S4  

An optimized recipe17 was employed for electrochemical co-deposition, consists of 

5 mM CoCl2.6H2O with 7.5 mM NiCl2.6H2O and 0.75 M thiourea, resulting in the NiCo2S4. 

The pH value of the solution was adjusted with diluted NH3·H2O to ca. 6. The 

potentiodynamic deposition was carried out in a three-electrode cell using rGO/Au 

coated patterned photoresist, Pt as counter, and Ag/AgCl as reference electrodes by 

cyclic voltammetry at a scan rate of 5 mV s-1 for 1-6 cycles within a potential range of -

1.2 to 0.2 V vs. Ag/AgCl. After the electrodeposition, substrates were cleaned by rinsing 

with water to remove unreacted initial precursor solution, followed by drying in air and 

drying at 60 °C for 3 min.  

 



99 
 

5.3.4 Materials characterization  

Surface morphology and microstructure were imaged by scanning electron 

microscope (SEM) (Nova Nano 630 instrument, FEI Co., The Netherlands). The film 

thicknesses were measured using a Veeco Dektak 150 surface profilometer. X-ray 

photoelectron spectroscopy (XPS) analysis was carried out in a Kratos Axis Ultra DLD 

spectrometer equipped with a monochromatic  Al Kα X–ray source (hν = 1486.6 eV) 

operating at 150 W, a multi-channel plate and delay line detector under a vacuum of ca. 

10-9 mbar. The high-resolution spectra were collected at fixed analyzer pass energy of 20 

eV. For the electrodeposited NiCo2S4, the binding energy was calibrated by taking the C 

1s peak (285.0 eV) as a reference corresponding to adventitious carbon contamination.  

5.3.5 Electrochemical Measurements  

The electrochemical performance of NiCo2S4/rGO MSCs was investigated in a 2-

electrode configuration using an electrochemical workstation (CHI 660D, CH 

Instruments Incorporation). Cyclic voltammetry (CV), galvanostatic charge-discharge 

(CD), and electrochemical impedance spectroscopy (EIS) measurements were carried 

out in 1 M KOH electrolyte. CV experiments were carried out at different scan rates 

selected from 0.01 to 50 V s-1. CD experiments were performed using current densities 

selected from 60 to 320 µA cm-2. The electrochemical impedance spectroscopy (EIS) was 

measured using a Modulab (Solartron Analytical) electrochemical workstation in the 

frequency range from 100 kHz to 0.1 Hz at open circuit potential by applying a small 

sinusoidal potential of 10 mV signal. Electrochemical cycling stability was measured 
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using VMP3 multichannel electrochemical workstation (Bio-Logic). All measurements 

were done at room temperature. 

Areal cell capacitance (Ccell) was calculated from the charge-discharge curves 

according to the following equations: 

Areal cell capacitance (Ccell) = (i/Atwo)(t/E)   (for 2-electrode configuration). 

Where Atwo
 is the total area of both the electrodes, ‘i’ is the applied current, t is the 

discharge time and E is the potential window. 

Volumetric stack capacitance (F cm-3) was calculated by considering the total 

volume of the cell (both the electrodes and also the gel electrolyte). 

Volumetric cell capacitance (Cvol) =  (i/vt)(t/E) 

Energy density (E) = ½CvolE 2 (in Wh cm-3) 

Power density (P) = E/t (in W cm-3). 

Ccell is the areal cell capacitance, Cvol is the volumetric cell capacitance, vt is the total 

volume of the cell (including area and thickness of both the electrodes). 

 

5.4 Results and discussions  

Figure 5.1a shows the rGO dispersion that was used to obtain rGO thin films by 

vacuum filtration over anodic alumina membrane. The alumina membrane was 
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subsequently dissolved away in 3 M NaOH to result in the freely floating film of rGO 

over the water bath as shown in Figure 5.1b. This rGO film (Figure 5.1c) is comprised of 

tightly packed small flakes (lateral dimensions, 200 nm) giving rise to innumerable 

edges, domain boundaries, and interfaces. Raman spectrum of rGO film shows broad D 

and G bands centered at 1367 (FWHM, 206 cm-1) and 1598cm-1 (FWHM, 91 cm-1), 

respectively. The D band originates form the presence of defects and functional groups 

while the G band corresponds to symmetric stretching of sp2 carbon lattice with E2g 

symmetry.168 The ID/IG ratio of rGO films was found to be in the range of 0.8-0.9 and the 

sp2 crystallite size was estimated using below the formula,169 found to be 10-15 nm.  

La(nm) = 560/E4
laser(ID/IG)-1 (Equation 5.1) 

 

Figure 5.1 Digital photographs showing (A) rGO dispersion, (B) freely floating rGO thin 
film obtained through vacuum filtration. (C) SEM micrograph showing the morphology 
of rGO film. (D) Raman spectrum of rGO. Photographs showing (E) Au coated patterned 
photoresist, (F) transferring of rGO onto Au/patterned photoresist, (G) electrochemical 
co-deposition of NiCo2S4 followed by lift-off in resulting NiCo2S4 interdigitated 
electrodes. (H) Nanostructured morphology of NiCo2S4. 
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We have followed conventional photolithgoraphy lift-off protocol to fabricate 

ternary nickel cobalt sulfide micro-pseudocapacitors. Initially, metal coated patterned 

photoresist chip was employed as a platform to transfer free-standing rGO film as 

shown in Figure 5.1e and Figure 5.1f. It is believed that the graphene can provide 

conducting pathways for charge transport besides providing mechanical support in 

enhancing the ratability and stability of the pseudocapactive materials. Reduced 

graphene oxide (rGO) provides a functional conducting graphitic platform which, when 

used as current collector, improves the nucleation and growth of pseudocapacitive 

materials compared to metal current collectors.125, 170 Recently, Du et al. have 

demonstrated a physical approach in synthesizing nanocomposite of CoNi2S4/graphene 

with excellent electrochemical performance. We have found that compared to the 

metal surfaces such as Au or Ni, functional rGO surface helps in the uniform growth of 

ternary sulfides (data is not shown). However, Au acts as a conductive support/current 

collector while rGO layer helps in the homogenous and uniform nucleation and growth 

of NiCo2S4 during electrochemical co-deposition process. Electrochemical co-deposition 

was carried out before doing the photoresist lift-off to ensure uniform electric field and 

uniform growth of NiCo2S4 over the entire chip. Doing the resist lift-off before  

electrodeposition would have created irregular electric fields and non-uniform growth 

of the NiCo2S4. The strong adherence of nickel cobalt sulfide onto the rGO film is evident 

since the final step of lift-off involved rigorous ultrasonication to make the NiCo2S4/rGO 

finger electrodes. It is obvious from the SEM micrograph shown in the Figure 5.1h the 

electrodeposited NiCo2S4 layer has a uniform and monolithic morphology. We have 
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considered rGO thin film as a platform for growing NiCo2S4 heterostructures with 

interdigitated electrode patterns in evaluating its electrochemical performance in a 2-

electrode configuration. 

 

Figure 5.2 X-ray photoelectron spectroscopy (XPS) of NiCo2S4 (A) survey scan and core-
level spectra of (B) Co 2p, (C Ni 2p and (D) S 2p. 

XPS analysis was carried out in order to determine the chemical composition of the 

sample and the oxidation state of detected elements. High resolution XPS spectra of Co 

2p, Ni 2p, and S 2p core levels have been recorded and are shown in Figure 5.2. The high 

resolution XPS spectra match well with those obtained for ternary NiCo2S4.105, 114 The Ni 

2p3/2 peaks observed at 852.9 and 855.7 eV that are characteristic of Ni2+ and Ni3+ 

species while the Co 2p3/2 peaks observed at 778.2 and 781.0 eV which are characteristic 

of Co3+ and Co2+ species respectively.129 For the S 2p high resolution XPS spectrum, the 
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peak observed at 161.3 eV corresponding to S 2p3/2 core level is typical of metal sulfur 

bounds in the ternary metal sulfides130 and consistent with nickel131 and cobalt 

sulfides.171 The S 2p peak observed at 168.0 eV is attributed to surface sulfur with high 

oxide state, such as sulfates.131 

 

Figure 5.3 (A) CV scans rGO MSC at different scan rates 1-50 V/s (B) CDs at different 

current densities. (C) Nyquist spectrum of RGO MSC, inset shows the high frequency 

region of the spectrum. (D) Phase angle vs. frequency of rGO MSC.  

The electrochemical performance of NiCo2S4 micro-pseudocapacitor was tested in 

2-electrode configuration in 1 M KOH electrolyte. Unlike the EDLC behavior of rGO MSC 

where the charge is stored through the electrostatic accumulation of electrolytic ions, 

redox behavior from the NiCo2S4 MSC is observed (Figure 5.4). As shown in Figure 5.4b, 

the redox peaks appear at different scan rates, due to redox behavior of Co+4/Co+3/Co+2 

and Ni+3/Ni+2 couples, mediated by the hydroxyl ions (OH-) in the electrolyte. Since sulfur 
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belongs to same group of oxygen, OH- ions can induce electrochemical oxidation and 

reduction of NiCo2S4 in alkaline medium similar to that of metal oxides/hydroxides. 

However, it is difficult to deconvlute the contributions of Ni and Co due to broad nature 

of redox peaks, most probably due to reversible formation of redox couples such as 

NiS/NiS(OH) and CoS/CoS(OH)/CoSO. At a scan rate of 10 mV s-1, NiCo2S4 shows an areal 

cell capacitance of 11.6 mF cm-2, which is superior to binary metal oxide (areal cell 

capacitance of 1-5 mF cm-2) and sulfide (VS2, MoS2; CA = 4-8 mF cm-2) based micro-

pseudocapacitors. It was found that the areal capacitance was gradually increasing from 

1.7 to 11.6 mF cm-2 (at a current density of 160 µA cm-2) due to more loading of NiCo2S4 

when the deposition cycles were increased from 1 to 6 (Figure 5.5). Due to the planar 

configuration of the NiCo2S4 interdigitated electrodes, CVs were recorded even at higher 

scan rates of 1-50 V s-1 as shown in Figure 5.4c. Similarly, charge-discharge curves of 

NiCo2S4 MSC at different current densities were recoded as shown in Figure 5.4d. CD 

profiles are highly non-linear, clearly demonstrating the pseudocapacitive behavior the 

NiCo2S4 electrodes. We have found that this micro-pseudocapacitor exhibits an areal cell 

capacitance of 11.6 mF cm-2 which corresponds to a volumetric capacitance of 211 F cm-

3. While pristine rGO based MSC shows a much lower areal capacitance of 0.3 mF cm-2 

with a volumetric capacitance of 40 F cm-3. Cycling stability of NiCo2S4 MSC was tested 

by continuous charging/discharging at a current density of 320 µA cm-2 which showed a 

capacitance retention of 80% after 5000 cycles with a Coulombic efficiency above 95% 

(Figure 5.6).  
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Figure 5.4 (A) Schematic showing the interdigitated electrodes of NiCo2S4. (B) and (C) 
CVs of NiCo2S4 MSC in 1 M KOH in 2-electrode configuration. (D) Charge-discharge 
curves at different current densities. (E) Impedance spectra of the device, inset shows 
high frequency region of the spectrum. (F) Ragone plot comparing the energy and 
power densities of NiCo2S4 micro-pseudocapacitor with respect to MoS2 and VS2 micro-
pseudocapacitors reported in the literature. 

 

 

Figure 5.5 (A, C) CVs and (B, D) CDs of NiCo2S4 micro-pseudocapacitors deposited for 1 
and 4 cycles, respectively. 
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Figure 5.6 Cycling stability and Coulombic efficiency of NiCo2S4 micro-pseudocapacitor 
over 5000 cycles at a current density of 320 µA cm-2. 

Further, solid state NiCo2S4 MSC was fabricated by employing PVA/KOH gel 

electrolyte which exhibits an areal capacitance of 2.8 mF cm-2 (Figure 5.7). Thus, 

enhanced values of areal and volumetric capacitance of NiCo2S4 MSC is due to 

pseudocapacitive nature unlike the EDLC behavior of carbon based MSCs. This 

volumetric capacitance is still higher than MoS2 MSC (178 F cm-3). Thus, these ternary 

NiCo2S4 with impressive redox contributions from the Ni and Co metals as well as facile 

ionic diffusion through the nanostructured electrodes give rise to higher volumetric 

capacitance. Impedance spectrum for NiCo2S4 micro-pseudocapacitor is shown in Figure 

5.4e. The presence of semi-circle in the high frequency region is due to charge-transfer 

resistance across the electrode/electrolyte interface with an equivalent series resistance 

(ESR) of 5 Ω (see inset of Figure 5.4e). An optimized NiCo2S4 micro-pseudocapacitor 

exhibits a maximum energy density of 18.7 mWh cm-3 at a power density of 1163 mW 

cm-3. The energy density values are at least twice that of carbon, and metal oxide based 
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MSCs  (E = 1-10 mWh cm-3) fabricated in the literature. As shown in the Ragone plot in 

Figure 5.4f, NiCo2S4 MSC exhibits superior energy density over the binary sulfide based 

MSCs such as MoS2 (E = 6 mWh cm-3)112 and VS2 (E = 15 mWh cm-3).164 These NiCo2S4 

MSCs exhibit a maximum power density of 2327 mW cm-3 even at an energy density of 

14.2 mWh cm-3. This study opens up possibility of employing ternary sulfides as 

potential candidate electrode materials for on-chip energy storage with superior 

volumetric capacitance and energy density. 

Figure 5.7 (A) CVs and (B) CD of NiCo2S4 solid state micro-pseudocapacitor employing 
PVA/KOH gel electrolyte. 

 

5.5 Conclusion 

In summary, we have demonstrated the successful fabrication of micro-

pseudocapacitors based on ternary nickel cobalt sulfides. This was achieved by 

employing single-step electrochemical co-deposition of nickel cobalt sulfide over 

transferred rGO thin films followed by photo resist lift-off. The fabricated NiCo2S4 micro-

pseudocapacitors exhibit a maximum areal cell capacitance of 11.6 mF/cm2 with a 
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volumetric capacitance of 211 F/cm3. The maximum energy density of 18.7 mWh/cm3 at 

a power density of 1163 mW/cm3 was achieved, which is superior to the binary sulfide 

micro-supercapacitors reported in the literature. This study may open up an opportunity 

to fabricate various kinds of ternary oxides/sulfides based micro-pseudocapacitors. 
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Chapter 6. Large Intercalation Pseudocapacitance in Two-dimensional VO2 

(B): The Breaking of the Intrinsic Kinetic Limit 

6.1 Summary 

VO2 (B) is a promising interaction-type electrode material for energy storage 

applications thanks to its open-framework structure and high theoretical capacity (323 

mAh g-1 or 1,163 C g-1). VO2 (B), also known as brookite, is known to have two 

lithiation/delithiation processes, one of which is kinetically facile and has been 

commonly observed at 2.5 V vs. Li/Li+ in various VO2 (B) structures. In contrast, the 

other process, which occurs at 2.1 V vs. Li/Li+, has only been observed at elevated 

temperatures (near 120 °C), mainly due to the large interaction energy barrier and 

extremely sluggish kinetics. To date, all attempts to activate this process at ambient 

conditions (for example, at room temperature) have failed, resulting in an 

unsatisfactory capacity that is far below theoretical prediction. The corresponding 

crystal phase evolution associated with Li+ intercalation further hinders its 

application, which results in limited rate capability and cycling stability.  

In this project, however, we demonstrate that a rational design of atomically 

thin, two-dimensional (2D) nanostructures of VO2 (B) can greatly lower the 

interaction energy and Li+ diffusion barrier, and it can completely suppress the crystal 

transformation during the charge-discharge process. As a result, we have successfully 

enabled the kinetically sluggish step to proceed at room temperature. Specifically, we 

have developed a synthesis process for high-quality, ultrathin 2D VO2 (B) with a high 
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yield through a new monomer-assisted approach. These atomically thin (~2 nm) 2D 

VO2 (B) nanostructures can deliver an unexpectedly high capacity and rate capability 

(550 mAh g-1 and 140 mAh g-1 at 0.5 C and 100 C respectively), as well as a long cycle 

life (> 9,000 cycles at 20 C). Operando X-ray diffraction (XRD), In-situ Raman, and ex-

situ X-ray photoelectron spectroscopy (XPS) studies confirm that the ultrathin 2D VO2 

(B) offers much faster charge storage kinetics and enables a fully reversible uptake 

and removal of Li ions from VO2 (B) lattice without a phase transition process, which 

is responsible for the observed exceptionally high performance. Our work presents an 

effective strategy to leverage the intrinsic capacity of layered VO2 (B) – or other non-

layered materials in general – by accelerating the kinetics through 2D nanostructure 

engineering. In principle, the developed approach can also be applied to produce 2D 

nanostructures of many other non-layered oxides, which may find promising 

applications in many fields.  

6.2 Introduction and background 

Electrochemical capacitors have attracted significant interest recently due to their 

potential applications in portable and wearable electronics, electric vehicles, and even 

power grids.38, 172 There are usually three types of capacitive energy storage 

mechanisms in electrochemical capacitors: double-layer capacitance, surface Faradic 

pseudocapacitance, and intercalation pseudocapacitance.4 Electrical double-layer 

capacitors (EDLCs) are based on the electrosorption of ions at the interface between 

electrode materials, typically carbon, and electrolytes. In spite of their excellent rate 
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capability and robust cycling performance, EDLCs are known to suffer from low energy 

density, which limits their practical applications. On the other hand, intrinsic 

pseudocapacitance can be due to either classic surface redox reactions (typically seen in 

MnO2 and hydrated RuO2) or cation intercalations into bulk materials (for example, T-

Nb2O5) that do not lead to a phase evolution.5 Besides, extrinsic intercalation 

pseudocapacitive energy storage, which is dependent on material size, with 

fundamental changes in redox reactions occurring in finite sized systems,173 has also 

been achieved for some battery-type materials by nanoengineering (for example, MoO2 

and MoS2).173-175 While surface redox reactions offer impressive capacitance, they are 

quite unstable and/or expensive for large-scale applications. Furthermore, such redox 

reactions occur only on or near the surface, resulting in a low ‘atom economy’. In 

contrast, intercalation pseudocapacitance stands out because it can occur within the 

bulk of the electrode material, and it can provide simultaneously high energy and power 

densities together with long-term cycling stability. More impressively, the majority of 

the full theoretical capacity can be accessed within minutes to seconds.175 For example, 

Dunn et al. have demonstrated that a T-Nb2O5 electrode with a thickness of 40 µm could 

deliver a capacity of 130 mA h-1 at a 10 C (charge/discharge in 6 min) rate under Li+ 

insertion.5 Moreover, a high intercalation capacitance (> 300 F cm-3) with impressive 

cycling stability (up to 10,000 cycles) has also been reported by Gogotsi et al. in Ti3C2 

MXene.176 In fact, a number of metal oxides,177 phosphates,178 and sulfides179 have 

recently been investigated as intercalation pseudocapacitor electrodes.  
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Among these candidates, brookite phase vanadium oxide, denoted as VO2 (B), 

stands out because of its stable open framework, rapid Li+ (de)intercalation in double 

layers of V4O10 structure, and high theoretical capacity (323 mAh g -1 or 1,163 C g-

1).180-181 VO2 (B) crystallizes in the monoclinic system (C2/m), and its lattice contains 

chains of perovskite-like cavities interconnected along the b-axis through square 

oxygen-bounded openings; see Figure 6.1. This arrangement creates a one-

dimensional (1D) Li+ diffusion pathway within VO2 (B) – parallel to the <010> crystal 

orientation.182-183  

 

Figure 6.1 Crystal structure of monoclinic VO2 (B), indicating two different types of 
square pyramidal sites – 0.5 of each per formula unit. Red polyhedra represent the VO6 
octahedra.  

The electrochemical Li+ insertion behavior of VO2 (B) was first investigated by 

Jacobsen et al., who demonstrated that 0.5 Li/V can be inserted at ambient temperature 

into bulk VO2 (B), in a two-phase region at 2.55 V vs. Li/Li+.182 They also pointed out that 

at higher temperatures, further insertion could be observed in another two-phase 

region at 2.1 V vs. Li/Li+, and 0.82 Li/V was finally obtained at 120 °C. The VO2 (B) lattice 
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generally displays two different types of square pyramidal sites, one of which is feasible 

for rapid Li+ insertion (at 2.5 V vs. Li/Li+ at ambient conditions). The other step (at 2.1 V 

vs. Li/Li+), however, is extremely slow in kinetics. As a result, Li+ intercalation capacities 

of 150 to 200 mAh g-1 were generally demonstrated, corresponding to 0.46 to 0.62 

Li/V.181, 183-185 Despite many attempts, the expected high capacity and cycling stability 

have so far not been experimentally achieved at ambient conditions. Furthermore, 

the previous in-situ high-energy synchrotron XRD study revealed that there was an 

obvious two-phase transition process for VO2 (B) during Li+ (de)intercalation,183 which 

may lead to limited rate capability and cycling stability. Even though the Li-storage 

performance of VO2 (B) can be further enhanced by carbonaceous material 

decoration,186 boosting the capacitive performance by accelerating the intrinsic, slow 

kinetics of the VO2 (B) has not yet been achieved. However, the latter approach is 

fundamentally more important as it can break the kinetic limit and thus improve the 

overall capacity of VO2 (B).  

Inspired by the recent progress in two-dimensional (2D) material development 

for intercalation pseudocapacitive energy storage,177, 187-188 we believe that VO2 (B) 

would also benefit significantly from such 2D architectures (especially atomically thin 

2D nanostructures). While the electrochemical performance of ultrathin 2D sheets of 

VO2 (B) has never been reported, there are multiple scientific arguments that make this 

approach attractive: 1) previous studies demonstrated that the ultrathin 2D geometry 

displays much lower intercalation energy barriers than the bulk analogue,189-190 which 
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may make the Li+ intercalation step at 2.1 V vs. Li/Li+ possible; 2) the ultrahigh surface-

to-volume ratio of 2D nanostructures can open up the possibility to introduce extra Li 

intercalation sites, resulting in higher theoretical capacity in principle; 3) reduced 

diffusion length leads to enhanced rate capability; and 4) mono- or few-layer 2D VO2 (B) 

may offer a facile 2D lithium-ion diffusion pathway, superior to the 1D diffusion 

pathway of bulk VO2 (B). It is also worthwhile to mention that the charge storage in a 

quasi-2D process exhibits similar behavior to the surface adsorption mechanism in 2D 

nanostructures.191 Indeed, our density functional theory (DFT) calculations suggest that 

the ultrathin 2D nanostructures can greatly lower the Li+ intercalation energy barrier 

and thus enhance the capacity, as will be discussed later. The key question is as follows: 

how do we experimentally produce atomically thin 2D nanostructures (atomically thin 

nanosheets) of VO2 (B)? 

VO2 (B) is an atypical, layered material, where the layers are linked by strong 

covalent bonds instead of weak van der Waals interactions. Xie et al. demonstrated 

that through Li ion and large molecule insertion, VO2 (B) crystal can be mechanically 

exfoliated into monolayer atomic sheets, but with low yields that are unsuitable for 

large-scale energy storage applications.192 The corresponding X-ray absorption fine-

structure spectroscopy study revealed that the VO2 (B) monolayers could retain their 

bulk crystal features with subtle structure distortion to decrease the surface energy, 

and then endow them with thermodynamic stability. In the present paper, we report 

a new monomer-assisted, self-confined growth strategy to produce ultrathin 2D VO2 
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(B) nanoribbons, and we elucidate their unique electrochemical properties. We 

demonstrate that the two different types of square pyramidal sites within atomically 

thin 2D VO2 (B) sheets are both highly active for Li+ intercalation at room 

temperature. The intrinsic phase evolution during Li+ uptake/removal can be 

completely suppressed. We also report a high extrinsic intercalation capacity of 

freestanding VO2 (B) paper electrodes induced by the ultrathin 2D geometry. A 

combination of detailed theoretical and experimental methods was used to 

understand the anomalously large capacity of these atomically thin 2D 

nanostructures of VO2 (B).  

6.3 Experimental section 

6.3.1 Synthesis of ultralong poly(3,4-ethylenedioxythiophene) (PEDOT) intercalated V2O5 

nanoribbons 

 In a typical synthesis, 1.4 g of commercial V2O5 powders were added to 60 mL of 

deionized (DI) water and sonicated for 5 min to form a homogeneous orange solution. 

Then, 0.6 mL of 3,4-ethylenedioxythiophene (EDOT) monomer was added to this 

solution and stirred for 7 days at room temperature to form a uniform, dark-green 

solution. The distinctive color evolution indicates the formation of the V2O5/PEDOT 

compound.  

6.3.2 In-situ synthesis of ultrathin, single-crystal VO2 (B)/PEDOT – ultrathin 2D VO2 (B) – 

nanoribbons.  
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1 mL of the above V2O5/PEDOT dispersion was added to 39 mL of deionized water 

to form a homogeneous solution. Then, this uniform solution was sonicated using a bath 

sonicator (Branson-2510, 130 W, 42 Hz) for 6 h to obtain ultrathin V2O5/PEDOT 

nanoribbons. Next, the exfoliated V2O5 solution was transferred to a 50 mL Teflon-lined 

autoclave, which was placed in a constant-temperature oven and maintained at 160 °C 

for 20 h. After cooling, the 2D VO2 (B) was collected and rinsed with ethanol and water, 

and it was dried in a vacuum at 80 °C for 6 h. 

6.3.3 Synthesis of 20-nm thick VO2 (B) nanoribbons  

1 mL of the above V2O5/PEDOT dispersion was added to 39 mL of deionized water 

to form a homogeneous solution. Then, above solution was transferred to a 50 mL 

Teflon-lined autoclave, which was placed in a constant-temperature oven and 

maintained at 160 °C for 20 h. After cooling, the thick VO2 (B) nanoribbon was collected 

and rinsed with ethanol and water, and it was dried in a vacuum at 80 °C for 6 h.  

6.3.4 Synthesis of pure PEDOT 

The PEDOT nanofibers with a high, specific surface area were prepared by a facile 

oxidative template process that was reported elsewhere.193 

6.3.5 Synthesis of 3D bulk VO2 (B) 

The bulk VO2 (B) was prepared using a hydrothermal method reported 

elsewhere.192 In a typical procedure, 1 mmol of NH4VO3 powders was dissolved in 30 mL 

of DI water. Then, 2 mL of 1 M oxalic acid was slowly added into the solution. The 
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resulting yellow solution was subsequently transferred to the Teflon-lined autoclave, 

which was then sealed, maintained at 200 °C for 24 h, and cooled to room temperature 

naturally. The precipitates were collected and washed with DI water and absolute 

ethanol. Then, the VO2 (B) bulk products were dried in a vacuum at 80 °C for 6 h. 

6.3.6 Synthesis of 1D VO2 (B) nanowire 

The 1D VO2 (B) nanowires were obtained via an ethylene glycol reduction 

approach.194 Typically, 300 mg of commercial V2O5 powder, 30 mL of DI water, and 10 

mL of absolute ethylene glycol were mixed to form a homogeneous solution. Then, the 

above solution was transferred to a Teflon-lined, stainless-steel autoclave. Next, the 

autoclave was sealed and maintained at 180 °C for 12 h. After cooling to room 

temperature naturally, the deep-blue products were filtered off, washed with distilled 

water and absolute ethanol several times, and dried in vacuum at 80 °C for 6 h. 

6.3.7 Structural characterization 

The as-synthesized samples were characterized using a Bruker D8 ADVANCE X-ray 

diffractometer (XRD) using Cu Kα radiation (λ = 1.5406 Å), an FEI Nova Nano 630 

scanning electron microscope (SEM), and an FEI Titan 80-300 ST (300 kV) transmission 

electron microscope (TEM) with energy dispersive X-ray spectroscopy (EDS) capabilities. 

X-ray photoelectron spectroscopy (XPS) measurements were performed using a Kratos 

Axis Ultra DLD spectrometer with Al Kα radiation (hν = 1,486.6 eV). All XPS spectra were 

calibrated by shifting the detected adventitious carbon C 1s peak to 284.4 eV. The 
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Raman spectroscopy was conducted on a Hariba LabRAM HR spectrometer (532 nm 

Laser). Atomic force microscopy (AFM) images were recorded using a Digital Instrument 

Multi-Mode AFM with a Nanoscope 4 controller operating in tapping mode. 

Thermogravimetric analysis (TGA) was carried out using the Netzsch instrument (STA 

449 F1 Jupiter). A splitable test cell (ECC-Opto-Std, EL-Cell) with a quartz window was 

used for the in-situ Raman study. 

6.3.8 Electrochemical measurement  

To assess the pseudocapacitive performance, 2,032 coin-type (MTI, Inc.) half-cell 

devices were fabricated. Self-supported, ultrathin 2D VO2 (B) paper was fabricated using 

a vacuum filtration method to serve as the working electrode. Note that 20 wt% of 

MWCNT was added to increase the mechanical properties of 2D VO2 (B)-based ultrathin 

paper. Lithium foil was used as the counter and reference electrode, Celgard 3501 

microporous membrane was used as the separator, and 1 M LiPF6 in ethylene carbonate 

(EC) / diethyl carbonate (DEC) (1:1 in volume) was used as the electrolyte. The cells 

were assembled in an argon-filled glove box (MBRAUN), with concentrations of O2 and 

H2O < 0.5 ppm. The electrochemical performance of the assembled cells was measured 

at various rates (nC) in the voltage window from 1.5 V to 3.0 V vs. Li/Li+ using an Arbin 

battery tester (Arbin BT-2143-11U, College Station, TX, USA). Cyclic voltammetry was 

performed to examine the reduction and oxidation peaks in the voltage range of 1.5-

3.0 V (V vs. Li/Li+) at different scan rates using a VMP3 Biologic potentiostat (Biologic, 

France).  
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6.4 Results and discussions 

6.4.1 Material synthesis and characterization 

 
Figure 6.1 Schematic of the strategy used for ultrathin 2D VO2 (B) synthesis.  

The strategy to produce atomically thin 2D nanostructures of VO2 (B) relies on 

the successive intercalation of a 3,4-ethylenedioxythiophene (EDOT) monomer into 

layered V2O5 crystal and the sequential space-confined, topotactic in-situ reduction of 

V2O5/poly(3,4-ethylenedioxythiophene (PEDOT) organic-inorganic composite, as 

indicated in Figure 6.1. First, we intercalated EDOT monomer into commercial V2O5 

microparticles (Figure 6.2a) at ambient conditions, where the monomer can 

simultaneously, but gradually, polymerize into PEDOT and significantly expand the 

interlayer spacing of V2O5. The hybrid V2O5/PEDOT composite exhibits a nanobelt-like 

morphology (Figure 6.2b) with lengths of a few tens of micrometers, which can be 

ascribed to a ‘silk reeling’ type mechanism.195 Then, we produced the atomically thin 

V2O5/PEDOT hybrid composite using ultrasonication, thanks to the dramatically 

expanded crystal structure. Next, we employed a hydrothermal process to transform 
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such a hybrid composite into VO2 (B) in situ. Since the in-situ reduction occurs within 

a PEDOT-confined space, ultrathin 2D samples were finally obtained (Figure 6.1c-d).  

 

Figure 6.2 Characterization of ultrathin 2D VO2 (B) nanostructures. (A-D) Scanning 
electron microscope (SEM) images of (A) commercial V2O5 microparticles, (B) an as-
prepared organic-inorganic V2O5/PEDOT composite, and (C-D) the final product VO2 (B). 
(E) The typical XRD patterns of V2O5, a V2O5/PEDOT composite, and 2D VO2 (B). (F) 
Representative AFM image of 2D VO2 (B) nanoribbons, revealing an average thickness of 
ca. 2 nm. (G-H) TEM images of hybrid V2O5/PEDOT composite. The inset in G depicts the 
EDS spectrum of as-obtained V2O5/PEDOT, demonstrating the co-existence of S and V 
elements. (I) HRTEM images of 2D VO2 (B) nanoribbons. 

The XRD analysis confirms the efficacy of our strategy, as displayed in Figure 

6.2e and Figure 6.3a. It is clear that only two dominated diffraction peaks appeared 

at 4.6° and 9.3° after EDOT intercalation, corresponding to the (001) and (002) peak 

of V2O5/PEDOT hybrid, respectively. The small-angle XRD scan (Figure 6.3a) further 
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reveals that the interlayer spacing of V2O5 significantly expands from 4.3 to 19.2 Å, 

indicating the insertion of two monolayers of PEDOT between each V2O5 bilayer.196  

 

Figure 6.3 (A) The small angle θ-2θ XRD scan of PEDOT intercalated V2O5. (B) Raman 
spectra and (C) TGA curve of VO2 (B) / PEDOT composite. (D) Lattice-resolved, high-
resolution TEM image and its corresponding fast Fourier transform image, 
demonstrating the single-crystal nature of as-prepared ultrathin 2D VO2 (B) ribbon.  

After transforming to VO2 (B), only the diffraction peaks from (00l) planes were 

observed, confirming the mono- or few-layer nature of 2D VO2 (B).192 In addition, we 

further found that the intercalation and sonication steps are indispensable to the 

obtaining of ultrathin 2D VO2 (B) nanostructures.  The atomic force microscopy (AFM) 

study also illustrates the flat and ultrathin nature of VO2 (B) (ca. 2 nm thick; Figure 

6.2f). Our Raman study supports the existence of PEDOT polymer – the Raman 

signatures at 1,263, 1,366, 1,453, 1,502 and 1,569 cm -1 originate from the PEDOT 
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polymer, accounting for 37.3 wt% in the 2D VO2 (B)/PEDOT composite (Figure 6.3b-c). 

The transmission electron microscopy (TEM) and energy-dispersive X-ray 

spectroscopy (EDS) analyses further support the successful intercalation of PEDOT 

into a V2O5 lattice, showing the co-existence of S and V elements and a 1.96 nm 

interlayer spacing of the V2O5/PEDOT composite (Figure 6.2g-h). These observations 

are consistent with our XRD data. Moreover, the lattice-resolved, high-resolution 

TEM (HRTEM) image of the edge of an individual 2D VO2 (B) ribbon displays a spacing 

of ca. 0.62 nm, which matches the d-spacing of the (001) planes (Figure 6.2i). This set 

of planes runs parallel to the thickness of the ribbon, revealing the as-prepared 2D 

VO2 (B) nanoribbon with a thickness of a few layers. It is notable that these as-

obtained VO2 (B) samples still demonstrate a single-crystallinity character despite 

their atomically thin nature (Figure 6.3d).  

6.4.2 Li+ intercalation behavior  

Under the galvanostatic condition of a 0.5C rate, the electrochemical profiles 

representing Li+ (de)intercalation into ultrathin 2D VO2 (B) hosts are presented in 

Figure 6.4a. Note that our control experiments reveal that the capacity contribution 

from PEDOT is considerably limited (ca. 13 mAh g-1; Figure 6.5a-b). As presented in 

Figure 6.4a, at 0.5C, a high capacity of approximately 550 mAh g-1 (1210 µAh cm-2) is 

obtained for the 2D electrode with a thickness of 50-60 µm, corresponding to a 1.7 

electron redox reaction.  
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Figure 6.4 Electrochemical behavior of ultrathin 2D VO2 (B) nanostructures. (A) 
Galvanostatic charge-discharge profiles for ultrathin 2D VO2 (B) electrodes at 0.5C. (B) 
Rate capability of ultrathin 2D VO2 (B) electrodes. (C) Cycle performances at a current 
rate of 20C. (D) Voltammetry sweeps at 0.1 mV s-1 (E) Differential capacity plots at 1C for 
1D and ultrathin 2D VO2 (B). (F) Normalized contribution ratio of capacitive contribution 
to current for different VO2 (B) electrodes. 

The charge-discharge profiles are seen as sloping types over the entire voltage 

range, except around 2.5 V where a plateau (capacity contribution at plateau region: ca. 

150 mAh g-1) is observed. The predominantly sloping charge-discharge profiles suggest 

that a solid-solution type process is associated with Li+ intercalation. Impressively, the 

overpotential – the difference between the charge and discharge potential at the half 

reversible capacity – of our VO2 (B) electrode is a mere 39 mV, outperforming all 

previously reported VO2 (B) nanostructures,181, 184, 197-198 and indicating higher 

electrical and ionic conductivity. The rate performance of these 2D electrodes was also 

investigated. The good rate capability of ultrathin 2D VO2 (B) is illustrated in Figure 6.4b, 

where the current density was increased step-wise from 1 to 100C and then returned to 



125 
 

1C. The measured capacities at 1, 5, 20, 30, 50, 80, and 100 C were 506, 429, 303, 275, 

212, 179, and 140 mAh g-1 respectively. It is of note that the capacity of these 2D 

electrodes recovered to 470 mAh g-1 when the current density was returned to 1C. We 

further demonstrate that these 2D electrodes exhibit ultra-stable lithiation/delithiation 

over at least 1,300 cycles at a current density of 0.1C (Figure 6.5c). Even when cycled at 

20C, the ultrathin 2D VO2 (B) nanoribbons do not display a notable capacity decay 

after 9,000 cycles (Figure 6.4c). It is worthwhile to note that Columbic efficiency during 

cycling tests is close to 100%, confirming that the outstanding performance is not due to 

parasitic reactions.187  

 

Figure 6.5 (A-B) The electrochemical characteristics of pure PEDOT. It is clear that pure 
PEDOT only offers limited capacity (ca. 13 mAh g-1 at 100 mA g-1). (C) Cycle 
performances of 2D electrodes at a current rate of 0.1C. (D) CV curves of 2D electrodes 
at 101th and 201th cycle under 0.1 mV s-1 scan rate. (E) Differential capacity plots of 1D 
VO2 (B) electrode. (F) Electrochemical impedance studies of 1D and ultrathin 2D VO2 (B)-
based electrode.  

Cyclic voltammetry (CV) measurements were used to further characterize the 

electrochemical behavior of as-prepared samples. As depicted in Figure 6.4d, it is 
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interesting that two distinct pairs of peaks at around 2.21 / 2.2 V (O1/R1) and 2.6 / 2.51 

V (O2/R2) are observed in ultrathin 2D VO2 (B) electrodes at room temperature. In 

sharp contrast, we only observed one redox peak (at 2.5 V vs. Li/Li+, which is also 

commonly seen in the literature) for the 1D VO2 (B) nanowire control sample. The lack 

of the redox peaks at ca. 2.1 V vs. Li/Li+ results in a much lower capacity. Note that the 

electrochemical behavior of the VO2 (B) nanowires is actually quite similar to that of 

bulk VO2 (B), indicating that such 1D geometry may offer a faster electron transfer 

pathway; however, it does not overcome the intrinsic, sluggish kinetics and only 

demonstrates limited enhancement, as compared to the bulk VO2 (B). The newly 

evolved couple of CV peaks (O1/R1) that we observed in our atomically thin 2D VO2 

(B) has never been seen in various VO2 (B) nanostructures at room temperature. 

Therefore, we believe that the ultrathin 2D nanostructures can greatly lower the 

lithiation energy barrier of the kinetically sluggish step (at 2.1 V vs. Li/Li+), which could 

only be achieved at high temperatures in all previous studies. It is also worth 

mentioning that this process is highly reversible, since no measurable peak current 

losses are observed even after continuous 200 CV cycles (Figure 6.5d). This result 

indicates that the two different types of square pyramidal sites in ultrathin 2D VO2 (B) 

are both highly active and stable for Li+ intercalation at ambient conditions. These 

observations have driven us to further investigate the origin of such differences 

between our atomically thin 2D VO2 (B) and other nanostructured VO2 (B) (for 

example, 1D nanowires). We therefore carried out the differential capacity analysis, 

as presented in Figure 6.4e and Figure 6.5e, which display the differential capacity 
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plots of the 1D and 2D VO2 (B) electrodes. The results demonstrate that the capacity 

contribution of 1D VO2 (B) originates mainly from a narrow region at ca. 2.5 V vs. 

Li/Li+, while the capacity contribution of 2D VO2 (B) stems from the entire voltage 

window. Additionally, the perfectly reproducible differential capacity curves of 2D 

electrodes, with clear oxidation and reduction peaks, illustrate their excellent 

reversibility during Li+ uptake/removal. The high charge transfer resistance of a VO2 (B) 

electrode is a key factor that limits its long-term cycling stability for Li storage.199 The 

significantly reduced charge-transfer resistance of ultrathin 2D VO2 (B) is evidence of 

enhanced cycling performance (Figure 6.5f).  

To understand the charge storage kinetics in atomically thin 2D VO2 (B), we 

quantified the pseudocapacitive and diffusion limited contributions to the total 

capacity, using the previously reported approach by Dunn et al.200 The 1D, Ar-annealed, 

ultrathin 2D and bulk VO2 (B) are included for comparison. The results, summarized in 

Figure 6.4f, indicate that at a scan rate of 0.3 mV s-1, the 1D, annealed, ultrathin 2D 

and bulk VO2 (B) demonstrate a 26%, 38%, and 4.9% capacitive contribution 

respectively. However, 92% of the current can be attributed to the capacitive response 

of the ultrathin 2D VO2 (B) sheets, clearly revealing a much higher level of 

pseudocapacitive charge storage by geometry tuning. It is especially important to 

note that when the unique, ultrathin 2D structure of VO2 (B) is destroyed by Ar 

annealing at the evaluated temperature (Figure 6.5f, Annealed-2D), a dramatic 

decrease in the fraction of capacitor-like current is observed. This strongly 
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demonstrates that the atomically thin 2D feature is crucial for achieving high 

pseudocapacitive performance in VO2 (B).  

 

Figure 6.6 (A) Ex-situ XRD patterns of (00l) Bragg peak of the 2D electrodes during the 
second charge-discharge. (B) Operando XRD measurements for 20-nm-thick VO2 (B), 
demonstrating the evolution of the XRD patterns. 

To gain insight into the electrochemical intercalation process in the ultrathin 2D 

VO2 (B) host, an ex-situ XRD analysis was first carried out. Figure 6.6a depicts Bragg 

peaks corresponding to the 2D VO2 (B) phase at different charge or discharge states in 

the second cycle. Ultrathin 2D VO2 (B) obviously does not undergo a phase evolution 

following (de)lithiation. Also, no peak shifting of the (00 l) diffraction peaks is 

observed, indicating a slight structural modification of 2D VO2 (B) upon Li+ 

uptake/removal. This behavior exhibits electrochemical signatures that are 

representative of intercalation pseudocapacitance. The ex-situ XPS analysis provides 

further proof of reversible Li+ intercalation, as illustrated in Figure 6.7a. The pristine 



129 
 

2D VO2 (B) electrodes demonstrate V 2p3/2 at 516.1 eV and 517.3 eV, corresponding to 

V4+ and V5+ species respectively.201-202 A new V 2p3/2 feature (515.6 eV), namely V3+, 

appears upon discharge.202 The V3+ signal apparently increases in intensity upon 

continued discharge. However, the V3+ contribution is gradually diminished upon 

charging, and the pristine V 2p3/2 is almost regenerated following delithiation to 3.0 V, 

confirming the reversibility and stability of these 2D VO2 (B) sheets.  

 

Figure 6.7 Structural characterizations of the ultrathin 2D VO2 (B) during 
electrochemical cycling. (A) Ex-situ high-resolution XPS spectra of the V 2p3/2 region in 
pristine, lithiated (2.2 and 1.5 V) and delithiated (2.4 and 3 V) ultrathin 2D VO2 (B) 
electrodes. (B) Operando XRD measurement for ultrathin 2D electrode. Note that the 
rhombus marked peak at approximately 26° originates from our multiwall CNT additive. 
(C) In-situ Raman spectra from ultrathin 2D VO2 (B) electrodes recorded during the 
second cycle as a function of depth of discharge and charge. 

 

The detailed charge storage mechanism in VO2 (B) electrodes were investigated 

using Operando XRD analysis. Figure 6.6b illustrates the structural evolutions 

accompanying the Li+ (de)intercalation of thick VO2 (B) nanoribbons (ca. 20 nm). The 
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electrochemical profile shows a bi-phasic process indicating that XRD pattern #1 and 

#2 are characteristic of the high Li content (discharged state) phase and low Li 

content (charged state) phase, respectively. In both patterns, only (00l) peaks – that 

are (110), (-401) and (310) - are observed in agreement with the nanoribbon-like 

shape of the sample. Upon Li+ intercalation, (110), and (310) peaks shift toward low 

Bragg angles, indicating an increase of the b cell parameter of lithiated phase 

compared to the pristine VO2 (B). A slight shift of (00l) peaks can be seen as well, 

which corresponds to a slightly larger c cell parameter of lithiated phase. Pristine and 

lithiated phases co-exist during the charge/discharge plateau at 2.5V, such as 

observed in battery-like intercalation reactions. While the phase change process 

appears to be reversible, as most of intercalation process, it is also kinetically limited 

thus leading to an intrinsically poor Li-storage performance such as limited rate 

capability. It is noteworthy that thick VO2 (B) electrode exhibits a polarization of 126 

mV, which is close to the reported nanostructured and bulk VO2 (B). Therefore, it is 

clear that the nanostructured VO2 (B) displays a similar mechanism to its bulk 

counterparts,183 and it cannot break the intrinsic kinetic limit. Our 2D VO2 (B) material 

shows a different mechanism. As illustrated in Figure 6.7b, no noticeable evolution of 

the XRD patterns is observed upon discharge/charge. More importantly, at the 

voltage plateau, the sudden split of the (110) peak did not occur, revealing the 

successful tuning of battery-like Li insertion mechanism for VO2 (B).  The reversible 

change in intensity is assumed to come from a reversible disordering – re-ordering 

process along cycling associated with the huge amount of capacity at non-plateau 
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part (Figure 6.4a). Further, a polarization of 46 mV for 2D electrodes is observed in 

our Operando cells, suggesting as well a fast kinetic compared to the thick VO2 

electrode. In summary, the Operando tests successfully reveal that 2D geometry 

breaks the intrinsic kinetic limit of bulk materials, leading to enhanced electrochemical 

kinetic associated with an extrinsic pseudocapacitive behavior.  

 

Figure 6.8 In-situ Raman spectra from an ultrathin 2D VO2 (B) electrode, recorded (A) 
at OCV and (B) during the galvanostatic discharge-charge scan at the second cycle.  

Furthermore, an in-situ Raman study was employed to confirm the high 

reversibility of our ultrathin 2D electrode. In-situ Raman microscopy spectra, obtained 

from an ultrathin 2D VO2 (B) electrode recorded during the galvanostatic discharge, 

and the subsequent charge scan in the second cycle are presented in Figure 6.8. At 

the open-circuit voltage (ca. 3.13 V), the Ag mode of ultrathin 2D VO2 (B) is located at 

171 cm-1, corresponding to the V-O-V bending, which is good and consistent with 

previous reports.203 The peaks at 715 and 892 cm-1 are associated with an O=C ring-
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bending mode and a symmetric ring-breathing mode of ethylene carbonate 

respectively. The peak at 900 cm-1 corresponds to the CH3-O stretching of diethyl 

carbonate. In addition, the totally symmetric vibration mode of the PF6- anion is located 

at 746 cm-1.204 During the entire CD scan, no new peaks are observed, implying that no 

new phase is formed. Figure 6.7c displays the evolution of the Ag peak of the 2D 

electrode in detail, demonstrating that none of the Raman peaks vanish during the CD 

test. The redshift of the Ag mode upon discharge probably originates from the partial 

regeneration of the local V-O polyhedra,205 but without crystallographic transformation. 

The extraction of lithium atoms returns the structure of LiσVO2 (B) to that of pristine 2D 

VO2 (B). These findings match with those deduced from the operando XRD and ex-situ 

XPS studies: the ultrathin 2D VO2 (B) nanoribbons intercalate Li+ ions with 

unobservable lattice expansion.  

The above results demonstrate that the ultrathin 2D VO2 (B) electrode yields a 

higher capacity (beyond the theoretical capacity of its bulk analogue) and faster 

kinetics than those that can be achieved in other VO2 (B) nanostructures. We used the 

DFT calculations to gain greater insight into this phenomenon. Figure 6.9a-b displays the 

atomic arrangements in the structure of bulk VO2 (B) and a monolayer of 2D VO2 (B). 

We then calculated the corresponding phonon dispersion curves to check the stability of 

the monolayer 2D VO2 (B). As Figure 6.9c illustrates, all vibrational modes are real in the 

whole Brillouin zone, indicating that the 2D VO2 (B) monolayer is kinetically stable.  
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Figure 6.9 Theoretical calculations of 2D VO2 (B) monolayers for Li-ion storage. (A-B) 
The atomic arrangements in the structure of VO2 (B) bulk and 2D VO2 (B) monolayers 
respectively. The red polyhedral in panels A and B represent VO6 octahedra. (C) The DFT 
calculated phonon dispersion curves of monolayer 2D VO2 (B). (D) The possible Li 
intercalation sites of monolayer 2D VO2 (B) and the adsorption energies of Li ions on A, 
B, C, and D sites. The red, gray, and green atoms represent O, V, and Li respectively. (E) 
The stable Li-intercalated structure of monolayer 2D VO2 (B), which demonstrates a 
theoretical capacity of 884 mAh g-1 for Li-ion storage. The red polyhedral and the green 
atoms in panel E represent VO6 octahedra and the lithium atoms. (F-H) The 
representative Li diffusion energy profile along the various trajectories. Note that the 
diffusion pathways are illustrated in Figure 6.11.  

Our calculations demonstrate that Li ions can bind to four unique sites in a VO2 

(B) unit cell with adsorption energies of -2.19, -2.28, -2.51, and -2.57 eV for bulk samples 

(Figure 6.10), which are in good agreement with previous studies.180 The theoretical 

maximum capacity of bulk VO2 (B) is ca. 403 mAh g-1, corresponding to Li1.25VO2 (B). 

However, the 2D VO2 (B) monolayer has significantly reduced energy barriers for Li+ 

adsorption. In this configuration, the adsorption energies are -2.55, -2.69, -2.81 and -
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2.87 eV (Figure 6.9d), suggesting faster kinetics. The much lower intercalation barriers 

of ultrathin 2D VO2 (B) nanostructures lead to the appearance of the O1/R1 redox peak 

at room temperature.  

 

Figure 6.10 (A) The crystal mode of bulk VO2 (B), indicating the possible Li+ intercalation 
sites. Calculation results demonstrate that the B site is unstable for Li+ insertion. The 
adsorption energies of A, C, D, and E are -2.19 eV, -2.28 eV, -2.51 eV, and -2.57 eV 
respectively. (B) The stable Li-intercalated structure of bulk VO2 (B) at maximum 
capacity. (C-D) The Li+ diffusion pathway within a bulk 2D VO2 lattice. (E-F) The 
diffusion energy barriers along the b axis (panel C) and a axis (panel D) respectively. 

More interestingly, as displayed in Figure 6.9e, we found that the theoretical Li-

ion intercalation capacity of monolayer 2D VO2 (B) is ca. 884 mAh g-1 (3 Li/V can be 

inserted), which is more than twice that of bulk VO2 (B). This is why we can 

experimentally achieve an Li+ intercalation capacity of 550 mAh g-1 at 0.5C using these 

ultrathin 2D VO2 (B) electrodes.  
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Figure 6.11 (A) The possible Li+ diffusion pathways in monolayer 2D VO2. Our 
calculations demonstrate that the p4 and p5 directions are unstable for Li+ migration. 
The p1, p2, and p3 trajectories are illustrated in detail in panels (B), (C), and (D) 
respectively. 

The lithium dynamic process was revealed using the Li+ diffusion energy barrier 

along various trajectories. The most possible diffusion pathways of monolayer 2D VO2 

(B) are provided in Figure 6.11. The calculated energy barriers of Li+ diffusion along p1, 

p2, and p3 directions (Figure 6.9f-h) are 187, 188 and 180 meV respectively. On the 

other hand, we demonstrate that the Li+ diffusion barriers of bulk VO2 (B) are 270 (along 

the b axis) and 927 meV (along the a axis), as indicated in Figure 6.10c-d. The DFT 

calculations confirm that the Li atom diffusion in bulk VO2 (B) occurs predominantly 

along the b axis. Conversely, low Li+ diffusion barriers are calculated along different 

trajectories in 2D VO2 (B), revealing its quasi-2D energy storage behavior, which is 

responsible for the high rate capability. Furthermore, the lower intercalation energy and 
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Li+ diffusion barriers lead to subtle structural modifications in ultrathin 2D VO2 (B) upon 

lithium-ion insertion/extraction, resulting in enhanced cycling stability.  

6.5 Conclusion 

In this work, we proposed a simple strategy to produce high-quality, ultrathin 2D 

VO2 (B) sheets for pseudocapacitive energy storage. It is demonstrated that by 

engineering the nanostructure, intercalation pseudocapacitance can be significantly 

enhanced. In addition, we have quantitatively demonstrated that there are no diffusion 

limitations to Li in ultrathin 2D VO2 (B). Even at charge-discharge rates as fast as 100C 

(36 s), these 2D electrodes still offer a high capacity of 140 mAh g-1 due to the rapid Li+ 

ion diffusion in these 2D sheets. Furthermore, the atomically thin 2D feature can 

strongly decrease the intercalation energy of Li+ into VO2 (B) crystal, and it can reduce Li 

diffusion barriers. The absence of any phase transition, together with the sweep 

voltammetry analysis, support the notion that an Li+ intercalation pseudocapacitive 

mechanism dominates in ultrathin 2D VO2 (B). These results suggest that the ultrathin 

2D geometry of layered or non-layered materials could lead to significantly enhanced 

pseudocapacitive performance. 
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Chapter 7. Conclusions and Perspective 

In this dissertation, we seek to develop suitable electrode materials for high 

performance pseudocapacitive energy storage. We have investigated and evaluated 

ternary NiCo2S4 electrode materials and devices for capacitive energy storage based on 

the surface redox reaction mechanism. The second part of this dissertation involved a 

study on the investigation of the role of ultrathin two-dimensional (2D) geometry for 

intercalation pseudocapacitive materials. The following results have been obtained. 

1) Previous research on ternary NiCo2S4 have presumed it to be semiconducting, 

like many of the chalcogenides, with a reported band gap in the range of 1.2-1.7 eV. In 

this dissertation, we have conducted detailed experimental and theoretical studies, 

most of which done for the first time, which overwhelmingly show that NiCo2S4 is in fact 

a metal. We have also calculated the Raman spectrum of this material and 

experimentally verified it for the first time, hence clarifying inconsistent Raman spectra 

reports. 

2) A novel self-templating strategy has been developed to fabricate well-defined 

single- and double-shell NiCo2S4 hollow spheres, as a promising electrode material for 

pseudocapacitors. This unique morphology results in a high specific capacitance (1263 F 

g−1 at 2 A g−1), remarkable rate performance (75.3% retention of initial capacitance from 

2 to 60 A g−1), and exceptional reversibility with a cycling efficiency of 93.8% and 87% 

after 10000 and 20000 cycles, respectively, at a high current density of 10 A g−1. The 

enhanced electrochemical performance can be ascribed to the unique attributes of the 
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double-shell hollow spheres include stable structure, high surface area, high 

permeability and void space. The cycling stability of this ternary NiCo2S4 is comparable 

to carbonaceous electrode materials, but with much higher specific capacitance, 

suggesting that these unique NiCo2S4 electrodes are promising pseudocapacitive 

materials for commercial applications. 

3) All previously reported strategies on NiCo2S4 synthesis involve multistep 

processes that make the development of the ternary sulfides costly, complicated, and 

time-consuming. In this dissertation, a facile one-step electrodeposition method is 

developed to prepare ternary NiCo2S4 interconnected nanosheet arrays on conductive 

carbon substrates as electrodes for supercapacitors, resulting in exceptional energy 

storage performance. The developed electrochemical deposition process of the ternary 

sulfides is controllable and has a number of advantages over the conventional multistep 

processes for the preparation of sulfides. The optimized NiCo2S4 with interconnected 

nanosheet arrays on a conductive carbon substrate serves as an excellent three-

dimensional supercapacitor electrode, showing high specific capacitance (1418 F g-1 at 5 

A g-1 and 1285 F g-1 at 100 A g-1) and excellent rate capability and conductivity. 

Furthermore, the asymmetric supercapacitor fabricated by the optimized NiCo2S4 

nanosheet arrays as positive electrode and porous graphene film as negative electrode 

demonstrated outstanding electrochemical performance. Our asymmetric 

supercapacitors showed high energy and power density with short charge time, as well 

as robust long-term cycling stability. The performance we achieved suggests that the 



139 
 

ternary sulfides prepared by the scalable one-step electrodeposition process have great 

potential in supercapacitor technologies. 

4) Based on our one-step electrodeposition method, the on-chip pseudocapacitive 

energy storage device has been achieved using ternary NiCo2S4 as electrode materials, 

which exhibits a maximum energy density of 18.7 mW h cm−3 at a power density of 1163 

mW cm−3, outperforming all sulfides-based micro-supercapacitors. 

5) We proposed a simple strategy to produce high-quality, atomically-thin 2D VO2 

(B) sheets for pseudocapacitive energy storage, which based on the 

intercalation/deintercalation mechanism. We demonstrate that a rational design of 

atomically thin, two-dimensional (2D) nanostructures of VO2 (B) can greatly lower the 

interaction energy and Li+ diffusion barrier, and it can completely suppress the crystal 

transformation during the charge-discharge process. As a result, we have successfully 

enabled the kinetically sluggish step to proceed at room temperature. In addition, we 

have quantitatively demonstrated that there are no diffusion limitations to Li in 

ultrathin 2D VO2 (B). Even at charge-discharge rates as fast as 100C (36 s), these 2D 

electrodes still offer a high capacity of 140 mAh g-1 due to the rapid Li+ ion diffusion in 

these 2D sheets. These results suggest that the ultrathin 2D geometry of atypically 

layered or non-layered materials could lead to significantly enhanced pseudocapacitive 

performance. 
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Our recommendation regarding the future research prospects can be summarized 

in the following points:  

1) In order to achieve higher energy density in aqueous electrolyte, one approach is 

to fabricate asymmetric supercapacitor by extending the voltage window while 

maintaining good electrochemical performance of both positive and negative 

electrodes. It is noted that the carbonaceous materials, e.g. graphene and CNT, are the 

dominated anode materials for asymmetric supercapacitors. However, their limited 

capacitances will decrease the overall capacity of the asymmetric cells. Thus, it is 

recommended to use other pseudocapacitive anode materials to replace carbon 

electrodes, for example VN and Fe2O3. The VN//NiCo2S4 and Fe2O3//NiCo2S4 cells may 

offer better capacitive performance than carbon//NiCo2S4 supercapacitors.  

2) The direct observation of the charge and discharge process and the associated 

evolution of the NiCo2S4 electrodes by some in-situ techniques such as TEM, XRD, XPS 

and Raman spectroscopies will open a new area towards the fundamental studies of 

supercapacitors. 

3) Considering the semiconducting behavior of VO2 (B), the exploration and 

discovery of metallic material/VO2 (B) core-shell hybrid electrode materials, such as 

graphene/VO (B) and Ti3C2-MXene/VO2 (B), is important to the future supercapacitor 

development. On the other hand, since we have demonstrated the importance of 

ultrathin 2D geometry for intercalation pseudocapacitive energy storage, we 

recommend to produce other intercalation materials, e.g. T-Nb2O5 and MoO2, with 

similar ultrathin 2D features.  
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