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ABSTRACT 

SYNTHESIS AND CHARACTERIZATION OF TRANSITION 

METAL OXIDE AND DICHALCOGENIDE NANOMATERIALS 

FOR ENERGY AND ENVIRONMENTAL APPLICATIONS 

  

by 

Ren Ren 

The University of Wisconsin-Milwaukee, 2018 

Under the Supervision of Professor Junhong Chen 

 
Transition metal oxides (TMOs) and transition metal dichalcogenides (TMDs) have gained 

immense interest recently for energy and environmental applications due to their exceptional 

structural, electronic, and optical properties. For example, titanium dioxide (TiO2) as one of the 

TMO photocatalysts has been widely studied due to its stability, non-toxicity, wide availability, 

and high efficiency. However, its wide bandgap significantly limits its use under visible light or 

solar light. Recent studies also show that semiconducting TMDs could be used as potential 

supercapacitor electrode materials and platinum (Pt)-free electrocatalysts for economical 

utilization of renewable energy, because the high cost and scarcity of Pt have impeded the large-

scale commercialization of many green technologies.  

 

In this dissertation study, various novel TMO and TMD nanomaterials are designed and 

synthesized, and their catalytic performance is further investigated. First, a facile route for the 

controllable synthesis of modified TiO2 is designed to improve its photocatalytic efficiency under 

the visible/solar light. The resulting Ti3+-doped TiO2 with tunable photocatalytic properties using 

a hydrothermal method with varying amounts of reductant, i.e., sodium borohydride (NaBH4), 
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showed color changes from light yellow, light grey, to dark grey with the increasing amount of 

NaBH4. The present method can controllably and effectively reduce Ti4+ on the surface of TiO2 

and induce partial transformation of anatase TiO2 to rutile TiO2, with the evolution of nanoparticles 

into hierarchical structures attributing to the high pressure and strong alkali environment in the 

synthesis atmosphere; in this way, the photocatalytic activity of Ti3+-doped TiO2 under visible-

light can be tuned. The band gap of Ti3+-doped TiO2 based on the Kubelka-Munk function is 3.1 

eV, which is smaller than that of pristine TiO2 (3.28 eV), confirming that adding NaBH4 as a 

reductant causes the absorption edge of TiO2 to shift to a lower energy region. After 20 min of 

simulated sunlight irradiation of photocatalytic reactions for the degradation of methylene blue 

(MB) aqueous solution, nearly 97.2% of MB was degraded by the sample TiO2-4 (reduced by 12 

g of NaBH4 in the hydrothermal reaction), compared with the degradation efficiency of the pristine 

TiO2 (23.5%). The as-developed strategy may open up a new avenue for designing and 

functionalizing TiO2 materials with enhanced visible light absorption, narrowed band gap, and 

improved photocatalytic activity. 

 

Second, cobalt sulfide-based (CoSx) nanostructures as one of the TMDs are competitive candidates 

for fabrication of supercapacitor electrodes due to their high specific surface area, high electrical 

conductivity, and redox-active structures. However, CoSx materials still suffer from relatively low 

specific capacitances, degradation of performance over long cycling duration, and tedious 

synthesis and assembly methods. Hence, metallic vertically-aligned cobalt pyrite (CoS2) 

nanowires (NWs) are prepared directly on current collecting electrodes, e.g., carbon cloth or 

graphite disc, for high-performance supercapacitors. These vertically-aligned CoS2 NWs have a 

variety of advantages for supercapacitor applications.  Because the metallic CoS2 NWs are 
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synthesized directly on the current collector, the good electrical connection enables efficient 

charge transfer between the active CoS2 materials and the current collector.  In addition, the open 

spaces between the vertical NWs lead to a large accessible surface area and afford rapid mass 

transport.  Moreover, the robust CoS2 NW structure results in high stability of the active materials 

during long-term operation.  Electrochemical characterization reveals that the CoS2 NWs enable a 

large specific capacitance (828.2 F/g at a scan rate of 0.01 V/s) and excellent long-term cycling 

stability (0-2.5% capacity loss after 4,250 cycles at 5 A/g) for pseudocapacitors. This example of 

vertically-aligned metallic CoS2 NWs for supercapacitor applications expands the opportunities 

for transition metal sulfide-based nanostructures in emerging energy storage applications.   

 

Third, to combine the advantages of TMOs and TMDs, an aerosol processing method is developed 

for the facile and green synthesis of reduced graphene oxide (rGO)/tungsten disulfide 

(WS2)/tungsten trioxide (WO3) ternary nanohybrids, because both TMOs and TMDs are promising 

candidates for platinum-free electrocatalysts in renewable energy applications. The resulting 

hybrid material has a spherical structure constructed of crumpled graphene and WS2/WO3 

nanorods. The crumpled graphene/WS2/WO3 (CGTH) catalyst showed a superior electrocatalytic 

activity in the hydrogen evolution reaction (HER), with a Tafel slope of 37 mV/dec and an onset 

potential of 96 mV. Compared with reported MoS2/WS2-based electrocatalysts, this hybrid 

material shows one of the highest catalytic activities in HER. The environmentally-friendly 

synthesis and outstanding performance suggest a great potential of CGTH for noble metal-free 

electrocatalysts in water splitting. 
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Next, in order to improve the specific capacity of lithium-ion batteries (LIBs)/ potassium-ion 

batteries (PIBs) and relieve volume expansion of nanoparticles to fulfill the urgent need of reliable 

energy storage applications, TMD nanomaterials especially MoS2 quantum dots (QDs) have been 

considered promising anode materials for LIBs owing to their higher theoretical capacity and better 

rate capability compared with commercial graphite anodes. An exfoliated mesoporous MoS2 QDs-

graphite composite anode was designed and investigated. The MoS2 QDs are located in the void 

spaces between graphite particles, thereby preventing the graphite particles from losing electrical 

contact with the current collector and enhancing the cycling performance of the MoS2/graphite 

composite anode. The optimized MoS2 QDs with graphite composites displayed good 

charge/discharge characteristics and the capacity maintained at 449.8 mAh g-1 after 300 

charge/discharge cycles for LIBs. And the MoS2 QDs for PIB cells exhibited a stable capacity of 

approximately 409 mAh g-1 for 17 cycles. 

 

Finally, metal-organic frameworks (MOFs) have attracted substantial research attention owing to 

their tunable pore size, high pore volume, high specific surface area, and highly ordered crystalline 

porous networks. Previous studies have mostly focused on sensing, drug delivery, batteries, and 

selective catalysis; however, their application as photocatalysts has not been thoroughly reported. 

It is well known that bulk MoS2 is unsuitable for photocatalytic applications due to the insufficient 

reduction and oxidation ability for the photocatalysis. However, exfoliated MoS2 exhibits a direct 

band gap of 2.8 eV resulting from quantum confinement, which enables it to possess suitable band 

positions and to retain good visible-light absorption ability. As a result, it is considered to be a 

promising candidate for photocatalytic applications. Encapsulating exfoliated MoS2 into MOF 

exhibits enhanced absorption in the visible light range compared with pure MOF and the highest 
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hydrogen production rate could reach 68.4 μmol h-1g-1, which is much higher than that on pure 

MOF. With suitable band structure and improved light-harvesting ability, exfoliated MoS2@MOF 

can be a potential photocatalyst for hydrogen production. 

 

This dissertation study suggests that modified TiO2 and exfoliated MoS2@MOF can be efficient 

photocatalysts with enhanced visible light absorption ability; metallic CoS2 NWs could be active 

materials with a large specific capacitance and excellent stability; reduced graphene oxide 

(rGO)/tungsten disulfide (WS2)/tungsten trioxide (WO3) as a ternary nanohybrid offers advantages 

of TMOs and TMDs, making it an outstanding noble-metal free electrocatalyst in water splitting; 

and MoS2 QDs with relieved volume expansion are promising anode materials for LIBs/PIBs. The 

study provides a scientific foundation to design and discover low-cost, efficient and stable TMOs 

and TMDs candidates for suitable energy and environmental applications. 
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CHAPTER 1 INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction 

The clean energy supply is one of the major challenges for our society due to global population 

growth and potential climate change due to consumption of fossil fuels.1-4 Hydrogen evolution 

production from water splitting is quite attractive because hydrogen is often considered as a clean 

fuel, an alternative to fossil fuels.5-7 However, the high cost and scarcity of platinum (Pt) required 

for applications such as water splitting have impeded the large-scale commercialization of many 

green technologies.8 Therefore, exploration of novel materials with a low cost to support green 

technologies is a major research trend. For example, transition metal oxides are the largest group 

of materials for photocatalytic applications such as environmental remediation and solar fuel 

generation.9 However, most of these materials can only absorb limited visible light to promote 

photocatalytic reactions due to their relatively large band gap.10 New strategies are needed to 

produce a smaller band gap of semiconductor materials in order to improve the efficiency of visible 

light absorbance.10  

 

Storing electrical energy at scale is another urgent scientific challenge in transitioning from fossil 

fuels to clean and sustainable energy.11-13 Electrochemical reactions could provide and store 

electrical energy efficiently via chemical bonds.14 For example, hydrogen and oxygen are products 

from electrochemically splitting water, through which the energy can be stored in these gases and 

their recombination can provide clean electrical energy with water as the only by-product.15 In 

addition, energy can also be stored by using metals such as lithium or sodium as the energy 

carrier.16 The reactions involve the formation and reduction of metal oxides for the energy storage 

and conversion processes.17 Besides TMOs, transition metal dichalcogenides (TMDs) have 
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attracted significant attention due to their exciting physical and chemical properties that make them 

suitable for potential applications in a variety of areas such as catalysis, electronics, photonics, 

energy storage and sensing.18-24 Furthermore, two-dimensional layered TMDs exhibit unique 

electrical and optical properties that evolve from the quantum confinement effects, arising from 

the transition of an indirect bandgap to a direct bandgap when bulk materials are scaled down to 

monolayers.25,26 Usually a strong photoluminescence (PL) and large exciton binding energy are 

accompanied with the bandgap adjustment in TMDs, making them highly attractive for 

optoelectronic and capacitive energy storage applications.27,28 In this dissertation, various novel 

TMOs and TMDs have been explored for energy and environmental applications. 

 

1.2 Literature review 

1.2.1 Literature review on transition metal oxides 

Transition metal oxides (TMOs) have been widely studied over the last few decades and TMOs 

possess great potential in magnetic, electronic, and optical applications. TMOs have been 

integrated into a variety of devices to achieve unprecedented excellent performance, such as 

improved gas sensing, solar cells, supercapacitors and photocatalysis.9,29-33 Because the d-shells of 

positive metallic ions may not be completely filled by electrons in TMOs, TMOs exhibit various 

unique properties, which involve reactive electronic transitions, high dielectric constants, wide 

bandgaps, good electrical characteristics and so on.34-38 Meanwhile, TMOs possess various states, 

such as ferromagnetic state and semiconductive state.39,40 Hence, TMOs are considered to be one 

of the fascinating functional materials.  
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It is widely known that there are many factors which can employ significant influence on the 

performance of functional materials, including the size, specific surface area, pore structure, 

crystalline phase, and also the exposed surface facets. Thus, the development of performance 

improvements by adjusting these factors remains the focus of new-fashioned research. It is worth 

noting that structural dimensionality is also a major factor that can affect the performance and also 

has a significant impact on the properties of TMOs. The construction of nanostructures or micro-

structures for TMOs with interesting morphologies and properties has attracted considerable 

attention recently. In general, nanostructures can be categorized into four different morphologies: 

zero-dimensional (0D), one dimensional (1D), two-dimensional (2D) and three-dimensional (3D) 

nanostructures as shown in Fig. 1.1.41-43 The electronic structures of the TMOs can be tuned with 

the size and dimension modification, which results in a variety of changes in both chemical and 

physical properties.44 Choosing TMO materials with the appropriate dimensionalities enables us 

to take full advantage of the unique properties offered by the materials. Heretofore, the control of 

the size, shape, and structure of TMOs has been achieved by various synthesis methods, such as 

hydrothermal, template-free method, chemical vapor deposition (CVD), physical vapor deposition 

(PVD), metal organic chemical vapor deposition (MOCVD), etc.1,45-48 

 
Fig. 1.1 The illustration of the structural dimensionality of nanomaterials with properties.49 

Copyright 2012 Elsevier B.V. 
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Among various semiconducting catalysts, TiO2, WO3, and CeO2 as inexpensive and non-

photocorrosive TMOs are excellent candidates for photocatalytic degradation and photochemical 

water splitting.50 TiO2 is one of the most investigated TMOs in materials science considering a 

variety of applications and thousands of papers concerning it have been published over the last 

decade (Fig. 1.2a). Four commonly known polymorphs of TiO2 could be found in nature: anatase 

(tetragonal), brookite (orthorhombic), rutile (tetragonal) and TiO2 (B) (monoclinic).51 Fig. 1.2b 

shows that TiO2 could be engineered in different dimensions and morphologies, from 0D TiO2 

nanoparticles to 1D TiO2 nanorods, nanowires and nanotubes, 2D nanosheets and 3D hierarchical 

structures.52-55  

 

 

Fig. 1.2 a) Various applications of TiO2 photocatalyst.49 Copyright 2012 Elsevier B.V.; b) The 

structural dimensionality of TiO2 nanostructures.56 Copyright 2015 The Royal Society of 

Chemistry. 

 

a b 
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TiO2 was applied in many devices exploiting solar energy due to the strong oxidizing power of 

photogenerated holes, low cost, and good stability.57 The dye-sensitized solar cells based on TiO2 

can convert sunlight into electricity more efficiently.58,59 Song et al. fabricated a TiO2 thin film 

deposited on Ti wire with atomic layer deposition (ALD) introduced in the photoanodes which 

improves the performance of fiber-shaped dye-sensitized solar cells (Fig. 1.3).60 It is because of 

the ALD treatment that enhanced the interconnection between TiO2 particles and the substrate and 

led to the improved photocurrent. Hydrogen, which may be the fuel of the future, can be produced 

by splitting water under the help of photogenerated electron-hole pairs of TiO2.
61,62 Li et al. 

designed rutile TiO2 nanoparticles below 10 nm with increased surface/sub-surface defects by a 

scalable hydrolysis route to achieve a state-of-the-art hydrogen evolution rate of 932 μmol h-1g-

1 under visible light (>400 nm) and 1954 μmol h-1g-1 under simulated solar light.63 The existence 

of abundant defects and Ti3+ could help shift the top of the valence band of rutile titanium dioxide 

upwards for band-gap narrowing and also promote charge-carrier separation as shown in Fig 1.4. 

In addition, TiO2, as a photocatalyst, can degrade organic pollutants into environmentally friendly 

species, such as carbon dioxide and water.64 By using electrostatically-driven assembly and ion-

exchange method, Yang et al. fabricated P25 TiO2/silver orthophosphate/graphene oxide ternary 

composite materials which revealed a well-defined heterostructure where microsized 

Ag3PO4 particles and TiO2 nanoparticles decorated on high-surface-area graphene oxide (GO) 

nanosheets as shown in Fig. 1.5a.65 The resulting composites showed improved solar light 

harvesting, enhanced solar photocatalytic degradation of RhB, and excellent bactericidal 

performance (Fig. 1.5b) because of the recombination of electron-hole pairs could be effectively 

suppressed by the movements of nanoparticles. 
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Fig. 1.3 Schematic and the optical photo of the fiber-shaped dye-sensitized solar cells structure 

with the conformal TiO2 film deposited with ALD.60 Copyright 2015 Elsevier Ltd.  

  

 

Fig. 1.4 a,b) Diffuse reflectance ultraviolet-visible spectra of rutile TiO2 samples. c) Mott-

Schottky plots of rutile TiO2 samples. d) Valence Band XPS of rutile TiO2 samples. e) Band 

energy diagram of reference rutile TiO2 and sub-10 nm rutile TiO2.
63 Copyright 2015 Macmillan 

Publishers Ltd. 

c d 

a b e 
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Fig. 1.5 a) Schematic illustrating the fabrication of P25 TiO2/Ag3PO4/GO composites b) The 

proposed mechanism for visible-light-driven photocatalytic degradation of RhB and inactivation 

of bacteria.65 Copyright 2014 Elsevier B.V. 

 

Many approaches have been applied to synthesize TiO2 and they are mainly classified as template 

method, electrochemical synthesis, and hydrothermal approach.66-68 It is well known that 

nanostructures with specific exposed facets and hierarchical structures usually exhibit unique 

physical and chemical properties. Recently, TiO2 hierarchical structures with interesting 

morphologies and a high specific surface area have been synthesized by multiple methods which 

could be beneficial for enhancing the utilization efficiency of light.69,70 Xu et al. developed a 3D 

hierarchically branched hollow sphere NWs hybrid TiO2 photoanode (Fig. 1.6a) with a 

considerably high specific surface area and ample porosity for efficient electrolyte infiltration, 

resulting in an improved light utilization efficiency and enhanced short-circuit photocurrent.71 The 

a 

b 
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resulting counter electrode yields a power conversion efficiency as high as 6.01% (Fig. 1.6b) under 

one sun illumination (AM 1.5 G, 100 mW cm-2), which shows the talent for promising TiO2 hybrid 

quantum dot-sensitized solar cells (QDSSCs).  

 

 

Fig. 1.6 a) TEM images and b) EDX mappings of hollow sphere TiO2 hybrid architectures c) The 

J-V characteristics of the devices with optimized counter electrode measured under solar light 

illuminations.71 Copyright 2014 Elsevier Ltd. 

 

Tungsten oxides (WOX, 2≤x≤3) have also received considerable attention due to their earth-

abundance, highly tunable composition, high chemical stability at appropriate pH value, and 

excellent electrical conductivity in applications such as photocatalysis, electrocatalysis, gas 

sensors, anode materials of Li-ion batteries, supercapacitors and so on. 29,72-74 Jin et al. fabricated 

CdS-WO3 Z-scheme heterostructure photocatalysts which introduced CdS nanoparticles with 

small particle sizes covering the surface of WO3 hollow spheres by using a precipitation method.75 

The heterostructures show a higher photocatalytic CO2 reduction efficiency under visible light 

irradiation than single-phase photocatalysts due to the formation of a CdS-WO3 Z-scheme system 

and an efficient space separation of photo-induced electron-hole pairs. In the proposed system as 

shown in Fig. 1.7a, holes spread to the surface of WO3 and electrons shift to the surface of CdS. 

a b c 
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Electrons on the surface of CdS can promote photocatalytic CO2 reduction to form CH4. In order 

to perform a highly effective photocatalytic reduction of CO2, the conduction band edge position 

of a photocatalyst should be more negative than the reduction potential of CH4/CO2 and the 

valence band edge position should be more positive than the oxidation potential of O2/H2O as 

shown in Fig. 1.7b. 

 

Fig. 1.7 a) Schematic illustration of the charge transfer and separation in the system under visible 

light irradiation. b) Band gap energies, conduction band and valence band position of WO3 and 

CdS.75 Copyright 2015 Wiley-VCH. 

 

Many experimental and theoretical results also suggest metallic WO3 could be promising 

candidates for energy storage and conversion applications such as effective electrocatalysts for 

hydrogen generation. Shang et al. synthesized less toxic metallic WO2-carbon mesoporous NWs 

with a high concentration of oxygen vacancies by using calcination of WO3-ethylenediamine 

hybrid precursors (Fig. 1.8a).76 The as-prepared hybrids exhibit excellent performance for H2 

generation with an onset overpotential of only 35 mV, a Tafel slope of 46 mV/dec, and the stability 

of more than 10 hours. By applying density functional theory (DFT) to calculate the position of 

valence and conduction bands from the band structure and the projected density of states (PDOS), 

a b 



www.manaraa.com

10 
 

the conduction band of as-prepared hybrids is crossed by the Fermi level, making them metallic 

and suggesting an enhanced electron mobility as shown in Fig. 1.8b. In addition, through the 

calculation of Gibbs free energy for HER catalysts, if the value is too large, it will be hard to adsorb 

H*; while if the value is too small, the adsorbed H* will be difficult to desorb to generate H2, 

instead of occupying the active sites and poisoning the HER process. Based on the calculation, the 

value of resulting materials is 0.22 eV (Fig. 1.8.d) which is close to Pt (0.09 eV). Therefore, it 

deserves to be called a strong theoretical proof and a direct explanation for the superior HER 

performance. 

 

  

Fig. 1.8 a) Schematic diagram of the synthesis process. b) and c) simulated band structure and 

projected density of states of metallic WO2-carbon mesoporous NWs. d) Volcano plot of i0 as a 

function of Gibbs free energy for WO2-carbon mesoporous NWs and typical reported 

electrocatalysts.76 Copyright 2015 American Chemical Society. 

 

 

 

d 

a 

b c 



www.manaraa.com

11 
 

1.2.2 Literature review on transition metal dichalcogenides 

TMD semiconductors have attracted significant attention due to their versatile and unique 

electrical, optical, chemical, and mechanical properties.77 Among these versatile properties, TMD 

semiconductors provide sizable bandgaps, relatively high carrier mobility, and a high on/off 

current ratio in the transistor.78,79 For instance, MoS2, MoSe2, WS2 and WSe2 exhibit tunable 

bandgaps that can undergo a transition from an indirect band gap in bulk crystals to a direct band 

gap in monolayer nanosheets.21,80 These materials provide a distinct opportunity to develop high 

quality and atomically sharp heterostructures because of the nature of weak van der Waals 

interlayer interactions.19,81 The variable electronic properties of TMDs supply a platform for the 

design of novel electronic and optoelectronic devices.24,28 TMDs represent a large family of 

materials with the formula MX2, where M is a transition metal element from group IV to group VI 

(Ti, Zr, V, Nb, Mo, W, etc.) and X is a chalcogen atom (S, Se, etc.).21,82 As shown in Fig. 1.9, the 

transition metals and three chalcogen elements possess the combinations of approximately 40 

different TMDs.83  

 

Fig. 1.9 The transition metals and three chalcogen elements are building 40 different TMDs.4 

Copyright 2015 Royal Society of Chemistry. 
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As a freshly emerging class of nanomaterials, 2D TMDs own a layered structure and large surface 

areas and exhibit unique electrical and optical properties that evolve from the quantum 

confinement and surface effects that arise during the transition of an indirect bandgap to a direct 

bandgap when bulk materials are scaled down to monolayers.3,25,26 This tunable bandgap in TMDs 

is accompanied by a strong photoluminescence (PL) and large exciton binding energy, which 

possesses great potential for applications in catalysis, sensing, supercapacitors, optics, and 

energy.2,84,85
 Wang et al. reported a monolayer platinum diselenide (PtSe2) with epitaxial growth 

of single-crystal structure as a new member of the TMDs family by applying selenization of a Pt 

(111) substrate (Fig. 1.10a).86 The as-prepared materials show promise for application in 

photoelectronic and photocatalysis based on first-principle theoretic calculations and results from 

photodegradation experiments. Fig. 1.10b shows the visible light photodegradation portion of 

methylene blue (MB) molecules retained 38% after irradiation for 24 min which is four times faster 

than the use of PtSe2 nanocrystals.  

 

Fig. 1.10 a) Schematic of the fabrication and b) Schematic diagram and photocatalytic activity of 

a single layer PtSe2 film.86 Copyright 2015 American Chemical Society. 

 

Up to now, various strategies have been explored for the preparation of single layer or few-layer 

TMD nanosheets, including mechanical peeling, chemical vapor deposition, and liquid-phase 

a 
b 
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exfoliation, chemical or electrochemical exfoliation.22,87-89 With the different combination of 

elemental compositions, the electronic properties of TMDs can range from insulating (e.g., BN, 

HfS2), semiconducting (e.g., MoS2, WS2), to semi-metals (e.g., VS2, TiS2), superconductors (e.g., 

TaSe2, NbSe2), magnetic (e.g., CrSe2) and thermoelectric (e.g., Bi2Te3), which makes them ideal 

for electrochemical energy storage applications.21,82,90-92 Choi et al. prepared an anode material 

with superior Na+ storage properties through 3D graphene nanospheres coated with MoS2 

composite in spray pyrolysis process.20 The Coulombic efficiency was 99.98% during the 600 

cycles which may due to synergy effect of lack of stacking of the MoS2 layers and the porous 

structure of graphene microspheres. 

 

 

Fig. 1.11 a) Schematic diagram of the formation mechanism and b) Cyclic performance of the 

3D MoS2-graphene composite microsphere.20 Copyright 2015 WILEY-VCH.  

a 

b 
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In recent years, extensive studies have been focused on Group VI (Mo, W) semiconducting TMDs 

rather than Group V (V, Nb, Ta) metallic TMDs. From the previous calculation of Gibbs free 

energy of the adsorbed hydrogen, the Group V TMDs especially VS2 present intriguing results. 

Chia et al. fabricated the entire set of Group V TMDs in the bulk form such as VS2, VSe2, VTe2, 

NbS2, NbSe2, NbTe2, TaS2, TaSe2 and TaTe2 (Fig. 1.12a) by using an evacuated oxygen/hydrogen 

welding method.93 The authors discovered the TaS2 possesses the fastest heterogeneous electron 

transfer rate which may be ideal for electrochemical sensing and VTe2 carries the surprising HER 

activity with the lowest HER overpotential at 0.5 V vs. RHE and Tafel slope of 55 mV/dec (Fig. 

1.12b). 

 

 
Fig. 1.12 a) SEM images of various Group V TMDs at a magnification of 10K. b) Histograms 

summarize of HER performance of various Group V TMDs.93 Copyright 2016 The Royal 

Society of Chemistry. 

b 

a 
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Supercapacitors are one of the most promising energy storage technologies for the applications 

ranging from consumer electronics to large-scale equipment such as electric vehicles, due to their 

high power density, long cycle life, and relatively low cost.27 2D materials such as graphene, 

graphene oxide, and 2D TMDs are ideal materials to form supercapacitor electrodes due to their 

high specific surface area, conductivity, and redox active structures.82,84 As shown in Fig. 1.13, 

Acerce et al. discovered the chemically exfoliated MoS2 nanosheets (NSs) with a high 

concentration of the metallic 1T phase could electrochemically intercalate ions with high 

efficiency and power density, which is suitable as electrode materials for supercapacitor devices.18 

With the existence of the 1T phase confirmed by the high-resolution XPS results, the intriguing 

electrochemical properties of resulted materials give the credit to the intrinsic hydrophilicity and 

high electrical conductivity of 1T MoS2 NSs. However, among the most frequently studied 2D 

TMDs for energy storage is the semiconducting MoS2, with several other 2D TMDs being scarcely 

studied, in the context of the previous literature on electrochemical energy storage.23,94,95 

Furthermore, considering the edges of the 2D TMDs NSs tend to provide more active sites for 

various processes that could improve efficiency, the potential application of TMDs for the catalysis 

of hydrogen evolution, hydride sulfurization, and CO2 reduction has not been fully explored. 
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Fig. 1.13 a) Photographs, SEM images and XPS results of chemically exfoliated 1T MoS2 

electrodes. b) Ragone plot of the best volumetric power and volumetric energy densities reported 

from various materials.18 Copyright 2015 Nature Publishing Group. 

 

1.2.3 Literature review on photocatalysis 

Photocatalysts have the ability to convert solar energy into chemical energy to degrade inorganic 

or organic pollutions. They are widely used for many applications including water splitting and 

environmental purification. The basic development for heterogeneous photocatalysis of organic or 

inorganic compounds by semiconductors is the formation of electron-hole pairs in the particles.96 

When light with energy equal to or greater than the band gap of the semiconductor is absorbed, an 

electron could be excited from the valence band of the semiconductor to its conduction band as 

shown in Fig. 1.14.97 Upon excitation, the separated electrons and holes follow several pathways. 

The photoinduced electron transfer to adsorb organic or inorganic is caused by migration of 

electrons and holes to the surface of the semiconductor. While at the surface, the semiconductor 

could donate electrons to reduce an electron acceptor in path A; in reverse, the holes are able to 

migrate to the surface where an electron from a donor species can combine with the surface hole 

a b 
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oxidizing the donor species in path B. The probability and the rate of the charge transfer processes 

for electrons and holes depend upon the respective positions of the band edges for the conduction 

and valence bands and the redox potential levels of the adsorbate species. According to the above 

mechanisms, the interfacial charge transfer efficiency is limited by two important processes: (1) 

the confrontation between charge carrier recombination and trapping; and (2) the confrontation 

between trapped carrier recombination and interfacial charge transfer. Recombination of the 

separated electron and hole appears in the volume of the semiconductor particle (path C) or on the 

surface (path D) with the heat release.  

 

 

Fig. 1.14 Schematic photoexcitation in a solid followed by deexcitation events.97 Copyright 2004 

American Chemical Society. 

 

Since Fujishima discovered the photocatalytic splitting of water by using titanium dioxide (TiO2) 

electrodes, TiO2 has become the most attractive photocatalyst because of its various advantages, 

such as structural stability, abundance, environmentally-friendliness, and low-cost.98,99 However, 

the relatively wide band gap in TiO2 greatly hinders its efficacy for harvesting solar energy for 

applications in photocatalysis, solar cells, and photoelectrochemical cells. Therefore, significant 
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research has been committed to understanding the elemental processes and investigating methods 

to enhance the photocatalytic activity and efficiency of TiO2.
100,101 Fortunately, continuous 

breakthroughs have been made in the preparation, functionalization, and modification of TiO2-

based photocatalysts to improve the absorption of visible light (~50% of solar light) for 

photocatalytic applications.102-104 In general, modifying TiO2 with a suitable dopant not only 

changes the mechanism and kinetics under UV irradiation but also introduces more visible-light 

activity that is absent with pure TiO2.
105 Three strategies have been proposed to advance properties 

and corresponding photocatalytic applications of TiO2: 1) impurity-doping or dye-anchoring on 

TiO2 catalysts, which can extend its absorption range to visible light region;106-108 2) synthesizing 

TiO2 nanocrystals with specific crystal surface orientations because some specific crystalline 

planes, e.g., (001) plane, tend to show a higher catalytic activity than others and mixed 

crystallographic facets;109,110 and 3) fabricating TiO2-based nanohybrids with other functional 

materials, such as carbon nanotubes (CNTs) and graphene, to attain a synergistic effect between 

them.111-113 

 

Recently, Chen et al. reported a conceptually different method to improve solar absorption ability 

by introducing disorders in the surface layers of nanophase TiO2, i.e., Ti3+-doped TiO2.
114 The 

study showed that disorder-engineered TiO2 nanocrystals (Fig. 1.15) exhibit substantially 

improved solar-driven photocatalytic activities for photo-oxidation of organic molecules and water 

splitting. Unfortunately, the preparation processes had to be conducted in a high-pressure hydrogen 

system for a reaction period as long as five days, which leads to disadvantages of long reaction 

time, low yield, and more waste residues. Therefore, it is highly desirable to develop improved 

methods for fabrication of such Ti3+-doped TiO2. Many investigations have demonstrated that Ti3+-
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containing (blue) TiO2 that contains oxygen vacancies exhibit significant photocatalytic activity 

in the visible light region; however, the catalyst could not maintain such activity for a sufficiently 

long period of time.115  

 

Fig. 1.15 a) Photograph of unmodified white TiO2 and disorder-engineered black TiO2.b) 

HRTEM image of modified TiO2 c) Spectral absorbance of the white and black TiO2. d) 

Schematic illustration of the band position of disorder-engineered black TiO2 and unmodified 

TiO2.
114 Copyright 2011 American Association for the Advancement of Science. 

 

In addition, hierarchically structured TiO2-based materials (Fig. 1.16) were reported to improve 

the performance of the materials because their highly porous structures were beneficial for 

enhancing the utilization efficiency of light.69,70 However, the capability of visible light absorption 

still needs further improvement. TiO2-based photocatalysts synthesized by hydrothermal treatment 

have drawn great attention since hydrothermal methods possess advantages of convenience, 

a b 

c 

d 
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relatively low processing temperature, and high yield.116-118 Although NaBH4 was previously 

reported for reducing TiO2 through a hydrothermal method,119-124 the resulting photocatalytic 

performance was inadequate because only a small amount of NaBH4 was used. Fang et al. added 

NaBH4 during the synthesis process with amount no more than 0.4g, which may be insufficient to 

enable the formation of defective or partially reduced TiO2.
125 In summary, there is still lack of 

comprehensive and systematic investigation and discussion to study how NaBH4 affects the 

morphology, structure, and photocatalytic activity of the reducing TiO2. 

 

 

Fig. 1.16 SEM images of various TiO2-based hierarchical nanostructured photocatalysts with 

different building units (a) particles,126 Copyright 2014 Elsevier B.V., (b) nanosheets,127 

Copyright 2015 Royal Society of Chemistry, (c) nanowires,127 Copyright 2015 Royal Society of 

Chemistry, and (d) nanorods.128 Copyright 2011 American Chemical Society. 
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The increase in demand for clean and renewable energy motivates studies on the development of 

novel techniques for hydrogen and oxygen production by water splitting.129 Photocatalysis has 

been shown attractive for the generation of H2 and O2 using natural sunlight as an irradiation 

source.130 Lately, TMOs and TMDs have proven to be the effective and efficient catalytic materials. 

In order to utilize visible light, which represents a large portion of the available solar-energy, 

photocatalysts should meet the following requirements for efficient conversion of solar-energy 

into H2 by the photocatalytic water splitting: the conduction and valence band edges must be more 

negative than 0 V vs. NHE (pH = 0) and more positive than +1.23 V vs. NHE (pH = 0), respectively; 

band gap energy is smaller than 3 eV and chemical and structural properties are stable during the 

photocatalytic reaction.131 The relationship between the band structure of a semiconductor and the 

redox potentials for water splitting is shown in Fig. 1.17.132 For TMOs, it can be seen that WO3 

functions as a stable photocatalyst for O2 evolution under visible light in the presence of an 

appropriate electron acceptor. However, the conduction band of the material is located in a more 

positive position over the potential of water reduction. In consequence, WO3 does not have the 

ability to reduce H+ to H2 directly. For TMDs, CdSe and CdS possess suitable band structures for 

the water splitting under visible light irradiation, but they are not stable under the photocatalytic 

reaction conditions owing to their photocorrosion property (poor photoinduced stability). 

Therefore, the conventional TMOs and TMDs cannot effectively split water in visible light without 

any modifications. 
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Fig. 1.17 Relationship between band structures of semiconductors and redox potentials of water 

splitting.132 Copyright 2009 Royal Society of Chemistry. 

 

Semiconducting QDs with intriguing quantum confinement properties, small-size effect, and 

composition-tunable electronic properties lead to unsaturated bonds on surfaces and edges, 

providing more opportunity to connect with other atoms and obtain higher activity, making them 

very appealing for a variety of applications and new technologies. Without modifications, the 

pristine TMOs/TMDs only can absorb a small portion of the full solar spectrum, resulting in 

inadequate utilization of visible light and infrared light (∼ 53%) with a lower energy in sunshine. 

Suzuki et al. reported a systematic study of the conduction band of WO3 QDs that could be tuned 

by size control with the quantum size effect. In Fig. 1.18a, the results showed the conduction band 

of engineered WO3 QDs is located at the negative side of the potential of water reduction when 

the size of the QDs was smaller than 1 nm.133 In the meantime, the band gap expands from 2.54 

eV of bulk WO3 to 3.30 eV for the 1 nm WO3 QDs (Fig. 1.18b), which is unfavorable for the 

photocatalytic water splitting. In this case, incorporation of another semiconductor with a smaller 

band gap could improve its water splitting performance. 
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Fig. 1.18 a) The band diagram of WO3 QDs. b) the relationship between the particle size and the 

bandgap energy.133 Copyright 2016 Royal Society of Chemistry. 

 

Zeolitic imidazolate framework-8 (ZIF-8) possesses a high specific surface area, excellent thermal 

and chemical stability as one of the metal-organic frameworks (MOFs).134 It is constructed by 

Zn(II) and 2-methylimidazole ligands and widely used in adsorption, catalysis and gas separation, 

etc.134,135 Nevertheless, the photocatalytic performance of ZIF-8 is inadequately studied. In Zeng 

et al.’s study (Fig. 1.19), CdS@ZIF-8 core-shell structures were synthesized by a two-step method, 

in which polyvinylpyrrolidone (PVP)-stabilized CdS NPs were first synthesized and ZIF-8 shells 

were grown on the surfaces of the CdS cores.136 The core-shell CdS@ZIF-8 structures were 

applied to photocatalytic H2 generation from formic acid and exhibited improved selectivity for 

H2 generation compared with pure CdS nanoparticles. However, the H2 production rate of as-

prepared samples was limited. 

b 
a 
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Fig. 1.19 Amounts of H2 and CO production as a function of irradiation time for CdS@ZIF-8.136 

Copyright 2016 Tsinghua University Press and Springer-Verlag Berlin Heidelberg. 

 

1.2.4 Literature review on electrocatalysis for hydrogen evolution 

Hydrogen is considered as a promising source of clean energy that could partially replace 

hydrocarbon fuels. There is a growing attention on hydrogen production from water splitting.132,137-

140 Noble metals such as Pt-group metals are most commonly used catalysts in the hydrogen 

evolution reaction (HER) since they exhibit the highest activity in accordance with theoretical 

predictions as shown in the so-called “volcano” curve plot (Fig. 1.20).6  

 
Fig. 1.20 Experimental and theoretical plots of the exchange current density for the HER over 

different transition metal surfaces plotted as a function of the calculated hydrogen chemisorption 

energy per atom and the simple kinetic model plotted as a function of the free energy for 

hydrogen adsorption (ΔGH*=ΔEH + 0.24 eV).6 Copyright 2005 The Electrochemical Society. 
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Developing novel electrocatalysts for HER with both low-cost and high-performance is a 

challenge. Recently, both computational and experimental studies show that TMDs, e.g., 

molybdenum disulfide (MoS2) and tungsten disulfide (WS2), are effective in catalyzing HER.141-

147 The exposed edges of TMDs provide active sites for HER electrocatalysis while the basal plane 

is catalytically inert.143 Tsai et al. reported computationally examinations of the crystal structure 

(1T and 2H phase) and surface termination of several TMDs such as transition metal (Ti, V, Nb, 

Ta, Mo,W, Pd, Pt) with the chalcogen (S and Se) for their activity and stability.7 The roles of the 

transition metal, chalcogen, and structure in modifying the activity and stability are established by 

using plane-wave density functional theory (DFT) calculation and other error estimation methods. 

The authors found the HER activity is strongly related to the stability of the catalyst and the 

metallicity is the most important parameter in determining the activity rather than structure or 

composition of the basal planes. Fig. 1.21 illustrates the inverse relationship for the basal planes 

of the semiconducting and metallic transition sulfides and selenides. Careful selection of the 

catalyst support can prevent TMD nanostructures from agglomeration and improve the overall 

performance.  

 
Fig. 1.21 a) Semiconducting single-layered TMDs and b) Metallic single-layered TMDs basal 

planes. The plot of the hydrogen adsorption free energy, ΔGH, as a function of the HX adsorption 

free energy, ΔGHX (X=S or Se).7 Copyright 2015 Elsevier B.V.  

b a 
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Graphene is a two-dimensional carbon material with one atom thickness. It has a high specific 

surface area (~2,600 m2/g) and electrical conductivity (5-6.4×106 S/m) that are attractive for 

electrocatalyst support.148-150 In order to combine the benefits of TMDs and graphene, many hybrid 

structures of TMDs and graphene were studied to promote the HER performance. For example, 

MoS2/graphene hybrids have electrical coupling effects that can promote charge transfer between 

MoS2 and graphene. In Fig. 1.22a, Dai et al. reported the solvothermal synthesis of MoS2 

nanoparticles on graphene and demonstrated excellent electrocatalytic properties of 

MoS2/graphene hybrid materials.151 Meanwhile, graphene is also a soft material with a low 

bending rigidity and thus can be easily engineered with different morphologies. Huang et al. 

developed crumpled graphene particles supported MoSx, leading to aggregation-resistant hybrid 

materials that exhibit a small overpotential and Tafel slope (Fig. 1.22b).152 Crumpled graphene 

with encapsulated nanomaterials can be fabricated by aerosolizing the suspension of graphene 

oxide (GO) and the pre-synthesized nanoparticles/precursors.153-157 The crumpled morphology of 

graphene has abundant folds and defects, which are reported to be capable of enhancing the 

electrocatalytic performance. Carraro et al. reported a modified aerosol-based method that utilizes 

the precursor of MoS2 and GO for the fast one-pot synthesis of crumpled MoS2/graphene hybrid 

materials as shown in Fig. 1.22c.158 The as-produced material showed good performance in 

photoelectrochemical hydrogen production.  
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Fig. 1.22 a) Schematic diagrams of MoS2/RGO hybrid with corresponding Tafel plots recorded 

on glassy carbon electrodes.151 Copyright 2011 American Chemical Society. b)  SEM image of 

carbon cloth fibers modified by crumpled graphene and MoSx with HER performance.152 

Copyright 2014 WILEY-VCH. c) Schematic diagrams of the synthesis of N-doped 

graphene/MoS2 nanohybrids by using aerosol processing method.158 Copyright 2015 American 

Chemical Society. 

a 

b 
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Recent studies have shown that WS2, another important member of TMDs, is also a good candidate 

for HER electrocatalyst.159-161 The pure phase of WS2/graphene hybrids can be fabricated by 

hydrothermal reaction.162,163 By using graphene as the catalyst support, the WS2/graphene hybrid 

nanomaterials showed enhanced charge transfer and thus improved HER activity.163,164 Moreover, 

crumpled graphene can provide extra benefits compared with conventional graphene nanosheets, 

e.g., preventing the aggregation of graphene sheets and improving the contact between graphene 

and TMDs. It was reported that the HER activity of MoS2 decreases dramatically as the annealing 

temperature of precursor ((NH4)2MoS4) increases, while WS2 has the opposite behavior.165 Since 

crumpled graphene is commonly produced through an aerosolization method under high annealing 

temperature (~800 oC), WS2 was selected over MoS2 for the crumpled graphene/TMD 

electrocatalyst. 

 

1.2.5 Literature review on energy storage devices 

Supercapacitors are characterized by their high-power density, fast charge/discharge rate, and long 

lifetime. Thus, they have attracted great attention for energy storage applications, particularly in 

consumer electronics and transportation systems.166-169 Supercapacitors can be categorized into 

electric double-layer capacitors (EDLCs), pseudocapacitors, and hybrid capacitors.170 

Pseudocapacitors leverage Faradaic electron charge transfer via redox reactions, intercalation, or 

electrosorption, and generally have higher specific capacitance than EDLCs but lower rate 

capability and stability.170-172 Commonly used electrode materials in pseudocapacitors include 

TMOs, such as RuO2 
173,174, MnO2 

175-178, Ni(OH)2/NiO 179-181, Co3O4 
182-184, SnO2 

185,186, as well 

as conducting polymers such as polyaniline and polypyrrole 187,188. Choudhary et al. fabricated an 

array of 1D NWs seamlessly integrated with conformal 2D TMD layers (Fig. 1.23a) and the 

hybrids possess large surface area with atomically sharp core/shell interfaces, resulting in 
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supercapacitors with excellent capacitive performances.13 In addition, the hybrid supercapacitor 

materials showed an exceptional charge-discharge retention over 30,000 cycles (Fig. 1.23b) due 

to their structural robustness, which holds potential for unconventional energy storage 

technologies. 

 

  

Fig. 1.23 a) Schematic diagrams of the fabrication process and b) Optical, SEM images of 

WO3/WS2 core/shell nanowires on a W foil with long cycling performance result.13 Copyright 

2016 American Chemical Society. 

 

In the past few years, TMDs based nanomaterials have been increasingly studied in 

supercapacitors 189-194, solar cells 195-197, lithium-ion batteries 198,199, and catalytic 200-202 

applications. As an important class of transition metal sulfides, cobalt sulfide-based nanostructures 

have been employed as electroactive materials in supercapacitors due to their high activity and low 

cost.  Various phases of cobalt sulfides (CoSx) with different morphologies have been synthesized 

and studied for supercapacitors, including nanospheres/nanoparticles 203-205, nanotubes 206, 

nanowires 207, nanosheets 208,209, and other three-dimensional nanostructures.210,211  Although some 

of these CoSx materials enable good performance in supercapacitors, they still suffer from 

b 

a 
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relatively low specific capacitances, degradation of performance over long cycling duration, and 

tedious synthesis and assembly methods. An important distinction we would like to note here is 

that some important transition metal sulfides have metallic polymorphs (such as the metallic 1T-

MoS2 or WS2) or are intrinsically metallic, such as the metallic cobalt pyrite (CoS2). They have 

recently found significant applications as highly active electrocatalysts for the hydrogen evolution 

reaction or polysulfide or triiodide reductions.212-215 In Fig. 1.24, Faber et al. prepared a series of 

micro- and nano-structures of the metallic CoS2 with improved HER catalytic performance due to 

its operational stability, cyclability, and desirable rate of hydrogen generation. The improvements 

enabled high current densities at low cathodic overpotentials and facilitated the releasement of H2 

bubbles from the electrode surface.216 In particular, the high conductivity and stability of metallic 

CoS2 could also be beneficial for good supercapacitor performance but has not yet been 

exploited.215,217  

 

 

Fig. 1.24 Schematic depictions of CoS2 NWs and MWs effectively releasing the H2 bubbles and 

effective HER performance.216 Copyright 2014 American Chemical Society. 
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LIBs have become the vital energy storage device due to the requirements of high energy density 

and long cycling life peculiarly for the portable equipment. However, the commercial graphite 

anode for LIBs could not fulfill the urgent needs of increasing energy and power densities on 

account of its limited theoretical capacity of 372 mAh g-1. In order to improve the specific capacity 

of LIBs, TMD materials especially MoS2 have been considered a promising anode material for 

LIBs owing to their higher theoretical capacity (~670 mAh/g, based on 4 mol of Li+ insertion) and 

better rate capability. However, the electrical conductivity of TMDs is usually lower than graphite 

for their effective implementation as electrodes. Moreover, they would cause the volume 

expansion of nanoparticles and introduce the aggregation and restacking of NSs, which could 

result in the shorter cycle life and the degradation of lithium storage. Mixing MoS2 and graphite 

to form MoS2/graphite composite anode can combine the advantages of MoS2 (high capacity) and 

graphite (good electrical conductivity); however, the large volume expansion of MoS2 could lead 

to graphite particles losing contact with the collector, compromising the cyclic performance. Xu 

et al. prepared a MoS2 NSs vertically on the surface of MoO2 particles by using a one-step 

conversion reaction using sulfur. The resulted composites showed a core-shell 3D nanoarchitecture 

and exhibited a high specific capacity under high loading, with significantly improved cycling 

stability as LIB anodes. As a comparison, the pure MoS2 NSs electrodes can only deliver 295 and 

221 mAh g-1 at the 100th and 200th cycles then continual decay occurs from the 3rd to 200th cycles 

as shown in Fig. 1.25.218 
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Fig. 1.25 Cycling performance of the MoS2 nanosheet at the current density of 100 mAh g-1.218 

Copyright 2017 WILEY-VCH. 

 

A large number of strategies have been successfully attempted to improve the electrochemical 

properties of LIBs in recent years, such as fabricating multi-dimensional and multi-scale anode 

materials. The nanosizing effectively enhances the high-rate performance of LIBs via shortening 

diffusion distance of lithium ions in the electrode materials. For example, QDs with a tiny size of 

only several nanometers possess fascinating properties due to tunable size and surface chemistry. 

And QDs have shown their value-added function in the light emitting diode, supercapacitor, 

oxygen reduction reaction, solar cell, and sensors. Li et al. fabricated a lithium titanate/nitrogen 

and sulfur co-doped graphene QDs (Fig. 1.26a) with the fully crystalline interconnected porous 

framework as lithium titanate anode for LIBs.12 With the assistance of the unique architecture and 

co-doping nitrogen and sulfur, the hybrids achieve enhanced rate performance and power density. 

However, the battery performance limited by the discharge capacity was only 186.2 mAh g-1 in 

the first cycle, and charge/discharge cycles remained at 180.5 mAh g-1 after 2000 cycles with the 

coulombic efficiency of 99.6–99.9% as shown in the Fig. 1.26b. In summary, there is still need for 
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more comprehensive and systematic investigation for enhancing the performance of LIBs to take 

the advantages of the QDs materials.  

 

Fig. 1.26 a) Schematic illustration of the procedure for the synthesis of lithium titanate/nitrogen 

and sulfur co-doped graphene quantum dots. b) The specific discharge capacities of as-prepared 

electrodes at different rates and the cyclic performance of as-prepared electrodes at 1C.12 

Copyright 2015 Elsevier Ltd. 

 

Undoubtedly, LIBs will continue to play an important role in the field of energy storage for years 

to come. However, considering the limited resources of Li in the Earth’s crust (0.0017 wt.%), LIBs 

could not fulfill the large-scale electric applications for the long-term use.219 Therefore, earth-

abundant elements based battery technologies are increasingly pursued recently. As a result, alkali 

metals with high abundance in the Earth’s crust such as K (2.09 wt.%) have attracted the sight of 

researchers.220 Unfortunately, the choice of anode materials becomes one of the major challenges 

a 
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because the volume changes upon reacting with K+ (d = 2.76 Å) is much larger than that for Li+ (d 

= 1.52 Å).221 In layered materials such as graphite, K+ has a reversible intercalation/de-

intercalation process for forming KC8 compounds that deliver a good reversible capacity over 200 

mAh·g−1.222 In the meantime, the interlayer spacing expands from 3.35 to 5.35 Å with K+ 

intercalation, which leads to an increase in interlayer spacing six times higher than that of Li-

intercalated graphite (LiC6).
223 This huge expansion could induce the exfoliation of graphene 

layers that is responsible for the fast capacity decay. As a result, while significant advances have 

been made in the LIB industry, limited progress was attained in PIBs over recent years. 

 

Ren et al. studied electrochemical potassium ion intercalation into two-dimensional layered MoS2 

for potential anode material in potassium-based batteries.223 The research found K+ could be 

electrochemically intercalated and de-intercalated reversibly in the 2D-layered MoS2. Under this 

intercalation ratio, the layered structure in MoS2 was very stable during cycling. After the initial 

SEI layer formation during the first few cycles, 97.5% of the capacity in the 10th cycle was retained 

after 200 cycles. However, the charging capacity of the 10th cycle is only 65.4 mAh·g−1, which is 

limited by the theoretical capacity (67.0 mAh·g−1) with the formation of K0.4MoS2. 

 
Fig. 1.27 Capacities and Coulombic efficiencies of the MoS2 electrode for PIBs.223

 Copyright 

2017 Tsinghua University Press and Springer-Verlag Berlin Heidelberg. 
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1.2.6 Summary and conclusions 

In summary, TMOs and TMDs are promising materials in various applications due to their unique 

structures and properties. TiO2 as one of the TMOs exhibits multiple advantages, such as structural 

stability, abundance, environmentally-friendliness, and low-cost in photocatalysis applications. 

However, the photocatalytic performance is limited as the relatively wide band gap in TiO2 is 

inefficient for harvesting solar energy. Modifying TiO2 by a suitable dopant will not only change 

the mechanism and kinetics under UV irradiation but also introduces more visible-light activity 

that is absent with pure TiO2. Cobalt sulfide-based nanostructures as one of the TMDs are ideal 

materials to form supercapacitor electrodes due to their high specific surface area, conductivity, 

and redox active structures. Nevertheless, CoSx materials still suffer from relatively low specific 

capacitances, degradation of performance over long cycling duration, and tedious synthesis and 

assembly methods. An aerosol processing method was employed to combine the advantages of 

TMOs and TMDs, considering they are promising candidates for platinum-free electrocatalysts in 

renewable energy convention applications. In addition, TMDs QDs are promising anode material 

for LIBs and PIBs owing to its higher theoretical capacity and better rate capability. MoS2 QDs 

can be a reliable candidate for energy storage applications since they can be located in the void 

spaces between the graphite particles, thus improving the specific capacity of LIBs/PIBs and 

relieving volume expansion of nanoparticles. Last but not least, MOFs are a class of porous 

materials with unique properties such as tunable pore size, high specific surface area, and highly 

ordered crystalline porous networks but its application as photocatalysis is limited because of lack 

of visible light absorption ability. Thus, by combining MOFs with a visible-light-

active photocatalyst such as exfoliated MoS2, the photocatalytic hydrogen evolution can be 

achieved. 
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1.2.7 Research objective and dissertation outline 

The main research objective of this dissertation is to explore synthesis and characterization of 

novel TMO and TMD nanomaterials for various energy and environmental applications such as 

photocatalysis, supercapacitor, battery and hydrogen evolution. Both TMO and TMD 

nanomaterials have gained immense interest recently for energy and environmental applications 

due to their exceptional structural, electronic, and optical properties. However, these TMO and 

TMD nanomaterials need to be strategically modified to optimize the performance of these 

materials in various applications. To this end, the dissertation is organized with the following tasks.  

 

Chapter 1 presents the background introduction and literature review of novel TMO and TMD 

nanomaterials for various energy and environmental applications.  

 

Chapter 2 describes a modified TiO2 prepared by a green route with improved photocatalytic 

performance and broadened visible light absorption region in order to overcome the deficiency of 

TiO2 in visible light or solar light application.  

 

Chapter 3 presents metallic CoS2 NWs synthesized directly on the current collector with the good 

electrical connection to enable efficient charge transfer between active materials and the current 

collector, which results in desirable energy storage performance.  

 

In Chapter 4, an aerosol processing method is applied for facile and green synthesis of reduced 

graphene oxide (rGO)/tungsten disulfide (WS2)/tungsten trioxide (WO3) ternary nanohybrids with 



www.manaraa.com

37 
 

combined benefits of TMOs and TMDs. The resulting catalyst shows a superior electrocatalytic 

activity in the hydrogen evolution reaction.  

 

Chapter 5 presents a series of MoS2 QDs based materials that are prepared as promising anode 

materials for LIBs/PIBs owing to their higher theoretical capacity, better rate capability, and 

relieved volume expansion advantages.  

 

Chapter 6 focuses on developing an exfoliated MoS2@MOF composite as a promising candidate 

for photocatalytic hydrogen evolution. The new photocatalyst exhibits enhanced absorption in 

visible light range with improved hydrogen production rate compared with pure MOF.  

 

A summary of the dissertation study and future research directions are presented in Chapter 7. This 

study leads to low-cost, efficient and stable TMOs and TMDs candidates that can be facilely 

synthesized for relevant energy and environmental applications such as photocatalysis, 

electrocatalysis, supercapacitors, and batteries.
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CHAPTER 2 MODIFIED TITANIUM DIOXIDE FOR 

PHOTOCATALYSIS 

 

2.1 Introduction 

Modified TiO2 nanomaterials are attractive TMO candidates for potential use as photocatalysts 

because they are stable, non-toxic, readily available, and cost-effective. As is generally known, the 

relatively wide band gap in TiO2 greatly hinders efficient harvest of solar energy for applications 

in photocatalysis, solar cells, and photoelectrochemical cells. In order to overcome the deficiency 

of visible light or solar light absorption and enhancing the catalytic activity, this chapter presents 

a facile route for the controllable synthesis of Ti3+-doped TiO2 with tunable photocatalytic 

properties using a hydrothermal method with varying amounts of reductant. 

 

2.2 Experimental methods 

2.2.1 Material synthesis 

To fabricate the Ti3+-doped TiO2, a two-step hydrothermal synthesis procedure was implemented. 

First, 5 ml of 50 wt. % titanium (IV) bis (ammonium lactato) dihydroxide (purchased from Sigma-

Aldrich) solution was dispersed in 60 ml 0.08 g/L glucose with stirring for 0.5 hours. 65 ml of the 

above solution was then transferred into an autoclave for hydrothermal reactions at 170 ℃ for 8 

hours. Then the products were washed with deionized water and ethanol for 4 times each and 

filtered. After the calcination treatment at 500 ℃ for 3 hours, dried TiO2 powders were obtained. 

Different amounts of sodium borohydride (purchased from Alfa Aesar) caplets were directly added 

to 60 ml water and mixed with 0.50 g TiO2 powder for hydrothermal reactions in an autoclave at 
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180 ℃ for 16 hours. Finally, the Ti3+-doped titanium dioxide powders were collected by filtration, 

washed alternately 3 times with deionized water and ethanol, and then dried at 60 ℃ in the air for 

10 hours. 

 

2.2.2 Material characterization 

The X-ray powder diffraction (XRD) analyses were conducted on a Scintag XDS 2000 

diffractometer equipped with a scintillation counter and Cu k-alpha radiation (0.15418 nm) 

reflection mode. The microscopic morphology and structures of the samples are obtained using a 

Hitachi (S-4800) scanning electron microscope (SEM) and Hitachi H-9000NAR transmission 

electron microscope (TEM). X-ray photoelectron spectroscopy (XPS) was conducted by using VG 

ESCA 2000 with an Mg Kα as source and the C1s peak at 284.5 eV as an internal standard. The 

specific surface area was obtained using ASAP2020 (Micromeritics, U.S.A) Brunauer-Emmett-

Teller (BET) nitrogen adsorption-desorption. The N2 adsorption-desorption measurements were 

carried out at 77 K using a Quantachrome Autosorb gas-sorption system. The samples were 

degassed at 180 ℃ for 2 hours before the measurements. The Raman spectra of the Ti3+-doped 

TiO2 powders were measured using a Raman microscope (Brucker RFS 100/S spectrometer) with 

an excitation wavelength of 1,064 nm at an input power of 1 mW. The optical absorption 

spectroscopy measurements were obtained using an Ocean Optics SD2000 UV-visible spectra 

spectrometer with a closed quartz cell (optical path length: 1 cm). 

 

2.2.3 Photocatalytic reaction measurements 

30 mg of the powder samples were ultrasonically dispersed in 50 mL deionized water followed by 

the addition of 0.01 g / L methylene blue (MB) aqueous solution. The mixture was then stirred 
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under darkness for 10 minutes to achieve adsorption-desorption equilibrium. Subsequently, the 

suspension with continuous stirring was exposed under a Xe lamp (AM 1.5 G and 100 mW cm-2) 

with an incident direction normal to the surface of the solution. At given irradiation intervals, 3 

mL aliquots of the suspension were collected and separated by centrifugation. The absorption 

spectrum of the supernatant was measured using a UV-Vis spectrometer (Ocean Optics SD2000). 

The concentration of MB was determined by monitoring the changes in the absorbance maximum 

at 662.6 nm. 

2.3 Results and discussion 

Reduced TiO2 samples were synthesized by adding different amounts of sodium borohydride 

(NaBH4) in the hydrothermal reaction at 180 ℃ for 16 hours. Specifically, 0, 2, 7, 10 and 12 g 

NaBH4 were used in separate experiments; and the as-obtained products were denoted as pristine 

TiO2, TiO2-1, TiO2-2, TiO2-3, and TiO2-4, respectively. Figure 2.1 shows the digital photographs 

of the series of TiO2 samples. With the increasing amount of NaBH4, the color of the resulting 

powders changes from light yellow for TiO2-1, light grey for TiO2-2, dark grey for TiO2-3, to light 

grey for TiO2-4, and all of these samples show a striking contrast to the white color of the pristine 

TiO2. These results indicate that the hydrothermal treatment, which occurs at a mild reaction 

temperature, high-pressure, and a reduced atmosphere, did affect the surface properties of TiO2. 
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Fig. 2.1 Photographs of pristine TiO2 (a) and doped TiO2 samples, (b) TiO2-1, (c) TiO2-2, (d) 

TiO2-3 and (e) TiO2-4. 

 

To determine the crystal structure and possible phase changes during the hydrothermal synthesis, 

X-ray diffraction (XRD) was carried out to study the series of samples during the evolution process 

(Figure 2.2a). All of the samples show diffraction peaks matching well with the crystal structure 

of the anatase phase TiO2 (71-1169, JCPDS). No new XRD peaks are observed for samples with 

2, 7, and 10 g of NaBH4, i.e., TiO2-1, TiO2-2, and TiO2-3. However, a set of diffraction peaks 

appear at 27.4°, 36.1°, 44.1° and 56.6° for TiO2-4; these four peaks can be well indexed to the 

characteristic peaks of (110), (101), (210), and (220) crystal planes of rutile phase TiO2 (75-1751, 

JCPDS), suggesting that TiO2-4 contained both anatase phase and rutile phase TiO2. The average 

crystallite size of TiO2 was estimated according to the Scherrer's equation (2.1) 

𝐃 = 𝐊 ∙ 𝛌/𝛃 𝐜𝐨𝐬 𝜽                   (2.1) 

where K is the Scherrer constant, λ the X-ray wavelength, β, the peak width of half maximum, and 

θ is the Bragg diffraction angle. The particle sizes for pristine TiO2, TiO2-1, TiO2-2, TiO2-3, and 
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TiO2-4 are 15.20 nm, 16.36 nm, 16.55 nm, 16.84 nm, and 19.76 nm, respectively. The intensities 

of the diffraction peaks became weaker with the increase of the amount of NaBH4 from 2 g to 10 

g, suggesting a decreased crystallinity for TiO2 samples after the hydrothermal treatment possibly 

due to the formation of defects under a relatively higher pressure in a reducing environment. The 

crystalline degree, in turn, grew stronger with further increasing the amount of NaBH4 to 14 g, 

which can be attributed to the increased pressure promoting the reorganization or restructuring of 

crystallites, thereby leading to the enhancement of the product crystallinity.224,225 Raman 

spectroscopy was also used to characterize the series of TiO2 samples (Figure 2.2b). Raman peaks 

appear at 147, 397, 515, and 637 cm-1 corresponding to Eg, B1g, A1g, and Eg lattice vibration modes, 

respectively, which indicates that all samples are majorly dominated by anatase type titanium 

dioxide. The Raman bands shift toward a lower wavenumber possibly due to the increase in 

particle size from pristine sample to reduced sample.226,227 

 

Fig. 2.2 (a) Representative XRD pattern and (b) Raman spectra of the pristine TiO2 and as-

synthesized TiO2. 
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The morphology and structure of the as-prepared TiO2 were further characterized by scanning 

electron microscopy (SEM). Figure 2.3a-e present typical SEM images of the pristine TiO2, TiO2-

1, TiO2-2, TiO2-3, and TiO2-4, respectively. The size of TiO2 particles increased with increasing 

the amount of NaBH4 in the synthesis process, which is most likely due to the agglomeration of 

nanoparticles induced by a higher concentration of NaBH4. The results are basically in agreement 

with the particle size calculation by using Scherrer’s equation from XRD results. It should be noted 

that, for TiO2-4, there also appeared some hierarchical microstructures with an average size of 2 

to 4 μm that were constructed by a large number of nanofibers about 20-30 nm in diameter, as 

shown in Figs. 2.3f and 2.3g. Actually, a small fraction of hierarchical microstructures was also 

found in the sample TiO2-3, suggesting the gradual evolution of nanostructures from nanoparticles 

to nanofiber upon tuning the amount of NaBH4. Hierarchical structures were previously proven to 

be beneficial for improving photocatalytic activity because of their special hierarchical porous 

structure, good permeability, and a large surface area compared with other low dimensional 

structures.124,228,229 Furthermore, the TiO2 hierarchical structure can absorb more light through 

multiple reflections and lead to more photogenerated electrons to participate in the photocatalytic 

degradation process.230,231 Therefore, TiO2-4 is expected to offer enhanced light-harvesting 

capability and a higher specific surface area than other TiO2 samples. 
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Fig. 2.3 SEM images of pristine TiO2 (a) and as-obtained TiO2 nanostructures: (b) TiO2-1, (c) 

TiO2-2, (d) TiO2-3 and (e) TiO2-4; (f) and (g) hierarchical structures TiO2-4. 

 

The morphology and structure of as-prepared TiO2 were further elucidated by transmission 

electron microscopy (TEM) and high-resolution TEM (HRTEM) images shown in Figure 2.4. 
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Figure 2.4a shows the TEM image of nanoparticles from sample TiO2-4 with discernible TiO2 

nanofibers, which is in agreement with the SEM observation. The TiO2 nanofibers were formed 

possibly due to the high pressure during the phase transition process.232,233 Figures 2.4b and c 

display the HRTEM images of an individual particle and nanofiber from sample TiO2-4, 

respectively. In addition, a set of well-defined diffraction rings are observed in selected area 

electron diffraction (SAED) patterns (Fig. 4d), which is in good agreement with the anatase phase 

of synthesized TiO2 nanocrystals.234 Pristine TiO2 nanocrystals show a lattice spacing= 0.350 nm 

that is close to that of anatase TiO2 (101) (0.351 nm). After the hydrothermal treatment by adding 

different amounts of NaBH4, the characteristic TiO2-3 and TiO2-4 nanocrystal lattice spacing of 

0.351 nm corresponding to the (101) lattice plane of anatase TiO2, which is consistent with 

previous results.235 There is no noticeable change in the nanocrystal lattice spacing value 

corresponding to the anatase (101) plane, which indicates that the Ti3+ has been introduced into 

the lattice without modifying the dimension of the unit cell.236 
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Fig. 2.4 TEM micrographs of sample TiO2-4: (a) overview image of TiO2-4, HRTEM images of 

TiO2-4 nanoparticles (b) and nanotube (c). (d) SAED pattern of synthesized TiO2-4. 

 

Figure 2.5 shows the nitrogen gas adsorption and desorption isotherms of the series of TiO2 

samples; all of these curves can be classified as type IV isotherm characteristic of mesoporous 

materials with the presence of a hysteresis loop in the relative-pressure range of 0.6-1.0.237,238 The 

specific surface areas and average pore diameters of the synthesized TiO2 were analyzed based on 

nitrogen adsorption and desorption measurements (Table 2.1). There is no remarkable change 

between pristine TiO2 and TiO2-1, both of which have a BET surface area of around 78.8 m2 g-1, 

while TiO2-2 shows a remarkable decrease in surface area and only has a BET surface area of 44.6 

m2 g-1. Notably, TiO2-3 shows a BET surface area of 87.9 m2 g-1 that is substantially higher than 
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that of the pristine TiO2. However, sample TiO2-4 again shows a significantly decreased surface 

area of 49.4 m2 g-1. The pore size distribution was estimated by employing the BJH (Barret-Joyner-

Halenda) method. TiO2-4 shows an average pore size of 97.8 Å that is significantly lower than 

those of other samples. It should be noted that the hierarchical structure could be beneficial for 

enhancing the surface area of a material, while the particle size and the pore volume are also key 

factors affecting the surface area. Both SEM images and calculations using Scherrer's equation 

based on XRD patterns suggest the TiO2-4 sample possesses the largest particle size compared 

with other samples, which might offset the effect from the hierarchical structure. 

 

Fig. 2.5 N2 adsorption-desorption isotherms for pristine TiO2 and as-obtained TiO2. 

 

Table 2.1 Surface properties of pristine TiO2 and as-synthesized TiO2 

 

 

 

 

 

 

Sample BET Surface 

Area (m²/g) 

Adsorption average pore 

width (Å) 

Total pore volume (cm3/g) 

Pristine TiO2 78.9 171.8 0.339 

TiO2 – 1 78.8 197.5 0.389 

TiO2 – 2 44.6 171.2 0.191 

TiO2 – 3 87.9 145.2 0.319 

TiO2 – 4 49.4 97.8 0.121 
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X-ray photoelectron spectroscopy (XPS) measurements were carried out to investigate the 

chemical states and electronic structure of Ti4+ in pristine TiO2, TiO2-3, and TiO2-4. As presented 

in Figure 2.6, the XPS signal of Ti 2p was recorded ranging from 454 to 465 eV for the pristine 

TiO2 and TiO2-4. The Ti 2p3/2 peak shifts from 457.2 eV of pristine TiO2 to 456.8 eV for TiO2-4 

accompanying with the negative shift of Ti 2p1/2 peak from 463.2 eV to 462.4 eV, suggesting the 

partial reduction of TiO2 with the formation of Ti3+ on the surface of the as-prepared TiO2-4. The 

existence of Ti3+ in the sample TiO2-4 was also confirmed by the X-band Electron Paramagnetic 

Resonance (EPR) spectra, as shown in Fig. 2.6(d). 239-241 Based on the EPR results, it is found that 

TiO2-4 shows a peak intensity of ca. 561, which is three times higher than that of the pristine TiO2 

(160.4). Because the intensity signal of EPR evidences the number of unpaired electrons, it is 

reasonable to conclude that the amount of Ti3+ ions in the TiO2-4 sample is much higher than that 

in the pristine TiO2.
242 Also signals with g values in the range of 2.0 to 2.08 are belong to 

photogenerated holes that are trapped by the subsurface lattice oxygen. It is generally agreed that 

the holes are located at oxygen vacancies which react with the O2- and OH- to form O−̇ and OH−̇  

radicals on the surface of catalysts for oxidative decomposition of organic materials. Based on the 

integrated area of the signals, a larger amount of O- radicals present on the surface of Ti3+-doped 

materials resulted in more effective photocatalysis.242 It should be noted that the energy difference 

between XPS Ti2p 3/2 and Ti2p 1/2 peaks for the sample TiO2-4 is ca. 5.55 eV; this value is 

slightly lower than that of the pristine TiO2 (ca. 6.0 eV).243-245 The slight change in energy 

difference of the Ti2p peaks can be attributed to the formation of a mixed phase of rutile and 

anatase in the sample TiO2-4.246 In addition to Ti3+, oxygen vacancies can also be possibly 

produced during the hydrothermal process.247,248 Fig. 2.6b exhibits the O 1s XPS spectra of the 

pristine TiO2 and TiO2-4. The Ti-O peak shifts from 528.6 eV for the pristine TiO2 to 528 eV for 
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the TiO2-4; in addition, a new peak located at 530 eV is attributed to Ti-OH, confirming the 

formation of the hydroxyl group on the TiO2 surface after the hydrogen treatment.117,249 We also 

observed the similar O 1s peak broadening and identical Ti 2p peaks in the as-prepared sample 

TiO2-3. Previous studies showed boron-doped TiO2 exhibits improved visible light photocatalytic 

performance.250,251 Generally, boron doping could be detected by the XPS survey at a binding 

energy of 192~193 eV. In this study, there is no B 1s peak (Fig. 2.6c) present in TiO2-4, which 

suggests B is not doped in the modified TiO2. 

 

 

Fig. 2.6 X-ray photoelectron spectra (XPS) of (a) Ti2p and (b) O1s of pristine TiO2 and TiO2-4; 

(c) B 1s of TiO2-4; (d) EPR spectra of the pristine TiO2 and TiO2-4 at 100 K under N2 

atmosphere. 
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UV-visible diffuse reflectance spectra were obtained to investigate the light absorption 

characteristics of the series of TiO2 samples. The absorption edges are measured to be 397.1 nm, 

406.0 nm, 394.7 nm, 411.9 nm and 438.2 nm for pristine TiO2, TiO2-1, TiO2-2, TiO2-3 and TiO2-

4 respectively. As is well known, the positive shift of the absorption spectra of the photocatalyst 

is in favor of enhancing photocatalytic performance. It should be noted the variation in the intensity 

of the spectra background could be attributed to the amount of TiO2 samples used for testing or 

the particle size of the samples. Figure 2.7a shows diffuse reflectance spectra of pristine TiO2 and 

as-prepared TiO2-4. It can be seen the absorption onset is around 397.1 nm for pristine TiO2, but 

this absorption extends into the visible region (438.2 nm) for TiO2-4, which can be attributed to 

the Ti3+ doping, the crystallite size, and the phase structure of the samples. The redshift of 

absorption edge indicates a decrease in the band gap. The corresponding band gap energy value 

was obtained by plotting the Kubelka-Munk function against the photon energy, as shown in 

Figure 2.7b.252,253 The band gap energy value of TiO2-4 is 3.1 eV, which is smaller than that of 

pristine TiO2 (3.28 eV).  

 

Fig. 2.7 (a) UV-visible diffuse reflectance spectra of pristine TiO2 and TiO2-4. (b) Curve-fitting 

by using the Kubelka-Munk function method for the calculated absorbance against the photon 

energy for the pristine TiO2 and TiO2-4. 
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Photocatalytic reactions for the degradation of methylene blue (MB) aqueous solution were 

performed to investigate the photocatalytic activity of the series of TiO2 samples, as shown in 

Figure 2.8. All of the TiO2 samples after the hydrothermal treatment showed an enhanced 

photodegradation rate for MB compared with the pristine TiO2 under simulated sunlight irradiation 

(AM 1.5 G and 100 mW cm-2). The evolution of methylene blue solution, under 10 minutes’ dark 

environment and 50 minutes’ visible light irradiation, are shown in Figure 2.8b. Among the 

samples after hydrothermal reactions, the TiO2-4 catalyst showed the highest photocatalytic 

activity. After irradiation for 20 min, nearly 97.2% of MB was degraded by the sample TiO2-4. 

The TiO2-4 sample was far more efficient than any other samples TiO2-3, TiO2-2, TiO2-1, and 

pristine TiO2 that present a degradation percentage of about 84.3%, 76.1%, 47.4%, and 23.5%, 

respectively. It should be noted that, in the dark environment, the TiO2-4, despite a relatively lower 

BET surface area, shows a significantly improved adsorption capability compared with pristine 

TiO2, indicating the Ti3+ on the surface of TiO2-4 may also play a key role in promoting the 

capability to adsorb the organic dye, thereby leading to an outstanding photocatalytic activity.254 

The reusability of Ti3+-doped TiO2 has been examined for selected samples. Compared with the 

TiO2-4 sample, the recycled TiO2-4 took 30 more minutes to achieve nearly 90% of MB 

degradation as shown in Figure 2.8c and 2.8d. After 60 min of visible light irradiation, nearly 96.7% 

of MB is degraded by reduced TiO2-2. However, only 27% of MB is degraded by recycled TiO2-

2. It could be found that the photocatalytic activity of recycled TiO2-4 is much better than recycled 

TiO2-2. 
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Fig. 2.8 (a) Photocatalytic degradation rate of methylene blue vs. irradiation time using pristine 

TiO2 and as-synthesized TiO2 samples. (b) The evolution of photodegradation of methylene blue 

solution under visible-light irradiation. (O: Original methylene blue aqueous solution; D: Dark 

environment; 10~50: 10~50 minutes’ visible light irradiation). The photocatalytic degradation 

rate of methylene blue vs. irradiation time using (c) recycled TiO2-4 and (d) recycled TiO2-2. 

 

Our work has demonstrated an improved approach to realize a controllable synthesis of Ti3+-doped 

TiO2 by hydrothermal method using sodium borohydride (NaBH4) as a reductant. In comparison 

with the method reported previously, the as-prepared Ti3+-doped TiO2 could be synthesized using 

a facile and convenient hydrothermal method. During the hydrothermal process, NaBH4 can act as 

c d 
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a reductant directly or hydrolyze to release the reductive H2 (Reaction 2.2). In such a reducing 

atmosphere, the reduction of Ti4+ is facilitated by atomic hydrogen with the generation of Ti3+ on 

the TiO2 surface (Eq. 2.3). 

NaBH4 + 2H2O ￫ NaBO2 + 4H2↑                                           (2.2) 

8Ti4+ + NaBH4 + 8OH- ￫ 8Ti3+ + NaBO2 + 8H2O                  (2.3) 

NaBO2 + 2H2O ￫ NaOH + H3BO3                                           (2.4) 

With the increasing amount of NaBH4 applied in the hydrothermal treatment, more hydrogen was 

released from the NaBH4 hydrolytic process to generate a higher pressure at a mild temperature. 

Therefore, the TiO2-4 sample could have the highest defect concentration. In addition, the high 

concentration of NaBH4 not only induces a higher pressure due to the generation of H2 but also 

results in stronger alkali environment that originates from further hydrolysis of NaBO2 (Reaction 

2.4). Under such a condition, part of anatase TiO2 transformed into rutile TiO2 with the evolution 

of nanoparticles into hierarchical structures. According to the XPS results, Ti 2p peaks of the TiO2 

shift to a lower binding energy, confirming the presence of Ti3+ decorating on the surface of as-

obtained TiO2-4. In addition, oxygen vacancies are also produced during the hydrothermal process 

which can trap photo-excited electrons together with the additional formation of Ti3+. Thus, it is 

reasonable that the TiO2-4 sample possesses the highest photocatalytic activity since the 

hierarchical structure can multiply UV light absorption which results in a high efficiency of light-

harvesting. Moreover, given the fact that P25 TiO2 with mixed phases of rutile and anatase possess 

a higher catalytic activity than pure phase rutile and anatase TiO2 and TiO2-4 exhibited the highest 

photocatalytic degradation efficiency of methylene blue despite the fact that the BET surface area 

of TiO2-4 is smaller than those of the pristine TiO2 and TiO2-3, it is reasonable to deduce that the 
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hierarchical structure, the mixed phase (rutile and anatase), and the Ti3+ defects in the TiO2-4 may 

synergistically contribute to enhancing the catalytic activity. It should be noted that the band gap 

of TiO2-4 based on the Kubelka-Munk function is 3.1 eV, which is slightly smaller than that of 

pristine TiO2 (3.28 eV), confirming that adding NaBH4 as a reductant causes the absorption edge 

of TiO2 to shift to a lower energy region. Therefore, this study may offer a simple and low-cost 

route to functionalize the TiO2 and enhance its visible light absorption ability with a narrowed 

band gap, thereby leading to an improved photocatalytic activity. 

 

2.4 Summary and conclusions 

In summary, a set of Ti3+-doped TiO2 samples with controllable photocatalytic properties were 

designed and prepared using a hydrothermal method via tuning the amount of NaBH4. The as-

developed method showed a well-controlled manner in tuning the surface properties of TiO2, as 

evidenced by color changes from white, light yellow, light grey, to dark grey upon adjusting the 

amount of NaBH4. In addition, we firstly reported that with a high concentration of NaBH4 applied 

in the hydrothermal reaction, a high pressure and strong alkali environment were introduced to 

facilitate the conversion of anatase TiO2 into rutile TiO2 with the evolution of nanoparticles into 

hierarchical structures. More importantly, it is demonstrated that the as-developed Ti3+-doped TiO2 

with a mixed phase and nanostructure can potentially lower the recombination rate of electron-

hole pairs due to the presence of Ti3+ and oxygen vacancies that are able to trap photo-excited 

electrons on the surface. Furthermore, with the absorption edge of TiO2 shifting to the visible-light 

region by adding NaBH4 as a reductant, the synthesized TiO2 is expected to exhibit a higher 

photocatalytic activity and efficiency. 
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CHAPTER 3 METALLIC COS2 NANOWIRES FOR 

SUPERCAPACITORS 

 

3.1 Introduction 

Among the TMD materials, vertically-aligned CoS2 NWs have a variety of advantages for 

supercapacitor applications. Metallic CoS2 NWs synthesized directly on the current collector with 

a good electrical connection enable efficient charge transfer between the active CoS2 materials and 

the current collector. In addition, the open spaces between the vertical NWs lead to a large 

accessible surface area and afford rapid mass transport. Moreover, the robust CoS2 NW structure 

results in high stability of the active materials during long-term operation. This chapter introduces 

the vertically-aligned metallic CoS2 NWs for supercapacitor applications, which expands the 

opportunities for transition metal sulfide-based nanostructures in emerging energy storage 

applications.   

 

3.2 Experimental methods 

3.2.1 Material synthesis 

Vertically-aligned metallic CoS2 NWs were prepared by a two-step synthesis procedure reported 

in our previous study 217.  In the first step, vertically-aligned cobalt hydroxide carbonate hydrate 

(Co(OH)(CO3)0.5·xH2O; “CHCH”) NWs were synthesized directly on carbon cloth or graphite disc 

substrates by a hydrothermal method.  In this step, the substrate was affixed to a glass support 

using carbon tape and suspended in the reaction mixture to prevent solid precipitates from 

accumulating on the surface. In the second step, the as-prepared CHCH NWs on the carbon cloth 
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or graphite substrate were thermally sulfidized to CoS2 using elemental sulfur powder as the sulfur 

precursor.  The as-synthesized CoS2 NWs were evaluated on both carbon cloth and graphite disc 

current collector substrates in a three-electrode system for supercapacitors. The material synthesis 

process was carried out through collaboration with Dr. Shun Mao from the University of 

Wisconsin-Milwaukee and Mr. Matthew S. Faber from the University of Wisconsin-Madison. 

 

3.2.2 Material characterization 

A Hitachi S-4800 scanning electron microscope (SEM) equipped with an energy-dispersive 

spectroscopy (EDS) analyzer was used for structural and elemental characterization of the 

prepared samples.  Raman spectroscopy was conducted with a Renishaw Raman microscope 

(Brucker RFS 100/S spectrometer).   

 

3.2.3 Supercapacitor measurements 

For the supercapacitor measurements, the CoS2 NW-based supercapacitors were evaluated in a 

three-electrode system.  The as-synthesized CoS2 NWs on carbon cloth or graphite disc substrates 

were directly used for the capacitor test (i.e., without a binder) in a 6 M KOH(aq) electrolyte 

solution.  The electrochemical performance of the supercapacitors was tested using cyclic 

voltammetry, galvanostatic charge/discharge, and electrochemical impedance spectroscopy 

techniques on a CHI 600 electrochemical workstation under ambient conditions.   

3.2.4 Capacitor performance 

The specific capacitances of the CoS2 NWs were calculated from the cyclic voltammetry (CV) and 

galvanostatic charge/discharge results.  From the CV test, the mass-specific capacitance of CoS2 
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NWs on a carbon cloth or graphite disc substrate (Ccv, unit: F/g) was calculated by the following 

equation: 

𝐶𝑐𝑣 =
1

𝑚𝜈Δ𝑉
∫ 𝐼(𝑉)𝑑𝑉,         (4.1) 

where m is the mass of the single electrode (unit: g), ν is the potential scan rate (unit: V/s), I(V) is 

the measured current (unit: A), and ∆V is the potential range (unit: V).   

From the galvanostatic charge/discharge test, the mass-specific capacitance of CoS2 NWs on a 

carbon cloth or graphite disc substrate (Cg, unit: F/g) was calculated by the following equation: 

𝐶𝑔 =
2𝑖Δ𝑡

𝑚ΔU
,           (4.2) 

where i is the discharge current (unit: A), ∆t is the discharge time (unit: s), and ∆U is the voltage 

drop upon discharging (unit: V).   

The area specific capacitance of CoS2 NWs on a carbon cloth or graphite disc substrate (Ca, unit: 

F/cm2) was calculated by the following equation: 

𝐶𝑎 =
2𝑖Δ𝑡

𝑎ΔU
,           (4.3) 

where a is the surface area of the carbon cloth/graphite disc substrate (unit: cm2). 

The energy density (E, unit: Wh/kg) and power density (P, unit: W/kg) of the capacitor were 

calculated by the following equations, respectively:  

𝐸 =  
1

8
𝐶𝑔Δ𝑈2,          (4.4) 

𝑃 =
𝐸

Δ𝑡
.           (4.5) 

3.3 Results and discussion 

The synthesis procedure used in this study yields high-quality, vertically-aligned CoS2 NWs in 

large quantities on both carbon cloth and graphite disc substrates, as shown in the SEM images of 
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Fig. 3.1 The CoS2 NWs typically exhibit a conical shape and textured surface, with an average 

diameter of approximately 100-200 nm. The CoS2 NWs generally grow into dense, radial sea 

urchin-like structures with NW lengths around 5 μm (cf. Fig. 3.1e). These structures are 

particularly advantageous in supercapacitor applications since the open spaces between the vertical 

CoS2 NWs lead to a large accessible surface area of the active materials and afford easy and quick 

channels for mass (ion and electrolyte) transport. As shown in Fig. 3.1, the CoS2 NW morphologies 

are similar on both substrate types, and the NWs uniformly cover the entire substrate surface.  

 

Fig. 3.1 SEM images of CoS2 NWs on (a-c) carbon cloth and (d-f) graphite disc substrates.  

  

To investigate the elemental composition of the CoS2 NWs, EDS elemental mappings of the as-

prepared materials were collected (Fig. 3.2). Cobalt and sulfur are clearly identified in the mapping 

data of the CoS2 NWs, and the cobalt and sulfur signals correspond accordingly, suggesting that 

the NWs are indeed composed of cobalt and sulfur. Formation of the cobalt pyrite phase was 

confirmed by the Raman peak located at 393 cm-1 (Fig. 3.3), which is the primary Raman peak of 
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CoS2 (inset of Fig. 3.3) 213. At the same time, the strong D and G bands of graphitic carbon appear 

at 1,348 and 1,584 cm-1 in the Raman spectrum, respectively, due to the graphite disc substrate 204. 

To investigate the capacitor performance of the CoS2 NW electrodes, the carbon cloth and graphite 

disc substrates coated with CoS2 NWs were evaluated in a three-electrode system using 6 M 

KOH(aq) as the electrolyte.  

 

Fig. 3.2 SEM image and EDS elemental mappings of the CoS2 NWs on graphite disc substrate.  

The cobalt and sulfur signals match well with each other and with the nanowire structure shown 

in the SEM image.  The carbon signal results from the graphite substrate.   

CoS2 NW on graphite disk
C

Co S
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Fig. 3.3 Raman spectrum of the CoS2 NWs on graphite disc substrate. The inset highlights the 

Raman spectrum in the range of 320-450 cm-1. 

 

Figure 3.4a shows the cyclic voltammetry (CV) characterization of the CoS2 NWs on a carbon 

cloth substrate with various scan rates from 10 to 100 mV/s. In order to study the effect of a blank 

carbon cloth for capacitance, the CV curve of a blank carbon cloth electrode at 0.01 V/s is shown 

in Fig. 3.5 All cyclic voltammograms exhibit a common shape suggestive of typical 

pseudocapacitive characteristics 206. In the electrochemically reversible electron transfer process, 

the main reactions involve the Co2+/Co3+ redox couple, possibly mediated by the OH- ions in the 

alkaline electrolyte 203,211. The oxidation and reduction peaks are not significant at high scan rates 

(0.05 and 0.1 V/s) but are more evident at lower scan rates (0.01 V/s). It should be noted that the 

current resulting from the bare carbon cloth substrate is very low (Fig. 3.4a) compared with those 

bearing the CoS2 NW active materials. Hence, the observed capacitance is mainly attributed to the 

CoS2 NWs 205. The specific capacitance of CoS2 NWs on the carbon cloth substrate was calculated 

based on the scan rates and reaction currents in the CV traces. As shown in Fig. 3.4b, the CoS2 

NWs on the carbon cloth show a specific capacitance of 174.1 F/g (0.206 F/cm2) at 10 mV/s, which 

decreased to 83.7 F/g (51.9% decrease) when the scan rate increased to 100 mV/s. Galvanostatic 

charge-discharge curves of the CoS2 NWs on the carbon cloth at different current densities in the 
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potential window of 0-0.4 V are shown in Fig. 3.4c. All of the curves are symmetrical in shape 

during the charge-discharge process, presenting advantageous supercapacitive behaviors 208. As 

expected, when the current increases, the discharge time decreases. Based on the discharge times 

from Fig. 3.4c, a set of specific capacitances against various current densities were calculated (Fig. 

3.4d). The specific capacitances of CoS2 NWs on the carbon cloth substrate are 362, 355, 255 and 

170 F/g (0.43, 0.42, 0.3 and 0.2 F/cm2) at current densities of 0.5, 1, 5 and 10 A/g, respectively. 

The good performance of the vertically-aligned CoS2 NWs as an electrode material for 

supercapacitors is likely attributable to the open structure of the active materials, which accelerates 

the infiltration of the electrolyte and also provides a more active surface for faster redox reactions. 
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Fig. 3.4 Capacitive performance of the CoS2 NWs on the carbon cloth substrate with an active 

material loading of 1.18 mg/cm2 based on geometric area. (6 M KOH(aq) electrolyte.) (a) Cyclic 

voltammograms of the CoS2 NWs on carbon cloth substrate at different scan rates from 10 to 100 

mV/s. (b) Specific capacitance versus potential scan rate for the CoS2 NWs on carbon cloth 

substrate. (c) Galvanostatic charge/discharge curves of the CoS2 NWs on the carbon cloth 

substrate at different mass specific currents. (d) Specific capacitance versus discharge mass 

specific current for the CoS2 NWs on the carbon cloth substrate. Mass and area-specific 

capacitances were calculated using the total mass of the CoS2 NWs and geometric area of the 

carbon cloth substrate, respectively.   
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Fig. 3.5 CV curves at 0.01 V/s for CoS2 NWs on (a) blank carbon cloth substrate and (b) blank 

graphite disc substrate. 

 

The electrochemical capacitive properties of the CoS2 NWs on the graphite disc substrate were 

also characterized by CV and galvanostatic charge-discharge tests. As shown in Fig. 3.6a, the 

shape of the CV curves recorded in the potential range of 0 to 0.5 V shows more significant 

pseudocapacitive characteristics (i.e., oxidation and reduction peaks) of the CoS2 NWs, and the 

peak locations match with those from a previous study on hollow-sphere CoS2 supercapacitors 203. 

The CV curve of a blank graphite disc electrode at 0.01 V/s are shown in Fig. 3.7 The specific 

capacitance of the CoS2 NWs on the graphite disc was calculated as 828, 377 and 275 F/g (1.236, 

0.562 and 0.411 F/cm2) at scan rates of 10, 50 and 100 mV/s, respectively (Fig. 3.6b). Similar to 

the carbon cloth substrate, the reaction currents from a bare graphite disc are very small (Fig. 3.6a), 

indicating that the observed currents are mainly attributable to the CoS2 NWs. The capacitance 

values of CoS2 NWs on graphite disc are higher than those previously reported CoSx-based 

materials. For example, the specific capacitance of CoS2 NWs on graphite disc (828.2 F/g, 10 

mV/s) is higher than that of Co3S4 hollow nanospheres (519.2 F/g) 205, CoS2/graphene 
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nanocomposites (217 F/g) 204, and CoS2 nanoparticles (93 F/g) 204. It is worth noting that the 

specific mass capacitance of the CoS2 NWs on graphite disc is higher than that of the CoS2 NWs 

on carbon cloth at the same scan rate, possibly due to the different CoS2 NW loadings and packing 

densities on the substrates.  To further assess the potential application of CoS2 NWs on a graphite 

disc substrate as a supercapacitor electrode, galvanostatic charge-discharge measurements were 

carried out at various current densities ranging from 1 to 10 A/g (Fig. 3.6c). The specific 

capacitances of the CoS2 NWs on graphite disc substrate were calculated based on the discharge 

mass specific current and the discharge time, and the results are plotted in Fig. 3.6d. As expected, 

the CoS2 NWs on the graphite disc electrode exhibit a high pseudocapacitance of 322, 245, 188 

and 131 F/g (0.48, 0.37, 0.28 and 0.20 F/cm2) at current densities of 0.5, 1, 5 and 10 A/g, 

respectively, consistent with measurements using carbon cloth electrodes.  
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Fig. 3.6 Capacitive performance of the CoS2 NWs on the graphite disc substrate with an active 

material loading of 1.49 mg/cm2 based on geometric area. (6 M KOH(aq) electrolyte.) (a) Cyclic 

voltammograms of the CoS2 NWs on graphite disc substrate at different scan rates from 10 to 

100 mV/s. (b) Specific capacitance versus potential scan rate for the CoS2 NWs on graphite disc 

substrate. (c) Galvanostatic charge/discharge curves of the CoS2 NWs on graphite disc substrate 

under different mass specific currents. (d) Specific capacitance versus discharge mass specific 

current for the CoS2 NWs on graphite disc substrate. Mass and area-specific capacitances were 

calculated using the mass of CoS2 NWs and geometric area of the graphite disc substrate, 

respectively.   
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Fig. 3.7 CV curves at 0.01 V/s for CoS2 NWs on (a) blank carbon cloth substrate and (b) blank 

graphite disc substrate. 

 

To understand the dielectric and transport properties of the electrodes, electrochemical impedance 

spectroscopy (EIS) was conducted for the CoS2 NWs electrodes on both substrate types. Fig. 3.8 

shows the Nyquist plots for CoS2 NWs in the frequency range from 0.03 Hz to 82,500 Hz measured 

at the equilibrium open circuit potential (0 V) with a 5 mV amplitude. The Nyquist plot of the 

CoS2 NWs on both substrates shows a negligible semicircle in the high-frequency region and a 

straight line in the low-frequency region, characteristic of capacitive behavior and representative 

of ion diffusion in the electrode 255. It is well known that a negligible semicircle for the electrode 

suggests frequency-dependent ion diffusion resistance towards the electrode surface, further 

indicating the relatively fast diffusion of ions or low interfacial charge-transfer resistance, resulting 

from the excellent electrical conductivity of active materials.  Furthermore, the nearly vertical line 

indicates that the electrode is close to an ideal capacitor. The equivalent series resistance (ESR) of 

the supercapacitor can be estimated according to the X-intercept of the Nyquist plots (insets of 

Figs. 3.8a and 3.8b).  The CoS2 NWs on the carbon cloth and graphite disc substrates possess very 
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small ESR values (1.15 Ω for carbon cloth and 1.30 Ω for graphite disc), owing to the metallic 

conductivity of the CoS2 NWs and the direct electrical contact to the current collector.  

 

 

Fig. 3.8 Nyquist plots of the CoS2 NWs (a) on carbon cloth and (b) graphite disc substrate.  The 

inset spectra highlight the data at a high frequency.   

 

The cycling performance of CoS2 NWs on carbon cloth and graphite disc substrates (Fig. 3.9a) 

was examined by charge-discharge testing at a mass-specific current of 5 A/g. Remarkably, only 

∼2.5% of the capacitance fades for CoS2 NWs on carbon cloth and no capacitance is lost for CoS2 

NWs on graphite disc after 4,250 cycles, representing excellent cycling stability. The small 

capacitance increase or fluctuations might originate from “active site activation” of the CoS2 NWs 

during the charge-discharge process 203. Importantly, this cycling performance of CoS2 NWs is 

outstanding among CoSx-based supercapacitors. In general, transition metal sulfide-based 

pseudocapacitors suffer from instability during long-term operation due to non-reversible redox 

reactions or activity loss during the charge/discharge process.  Additionally, some metal sulfides 

have relatively low stability in aqueous electrolyte solutions. A review of the previous studies on 

CoSx-based supercapacitors shows that typical cycling performance includes: 91.4% retention 
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after 2,000 cycles for Co9S8 nanotubes 206, 91% retention after 500 cycles for carbon nanotube/CoS 

composites 256, 90.4% retention after 1,000 cycles for Co3S4/reduced graphene oxide composite 

205, 90.1% retention after 2,000 cycles for CoS2 hollow spheres 203, and 81.2% retention for CoS 

NWs after 500 cycles 207. This comparison clearly shows that the CoS2 NWs exhibit superior long-

term stability as compared to previously reported CoSx-based electrodes.  This is likely due to the 

direct synthesis of the CoS2 NWs on the current collectors and the unique metallic properties of 

the CoS2 NWs.  The Ragone plots are shown in Fig. 3.9b further demonstrate the good rate 

performance of the CoS2 NWs with high energy and power densities.  The CoS2 NWs show an 

energy density of 7.2 Wh/kg at a power density of 0.18 kW/kg and a high power density of 3.6 

kW/kg at an energy density of 3.4 Wh/kg. Compared with the CoS2 NWs on carbon cloth, the 

CoS2 NWs on graphite disc substrate shows an energy density of 5.0 Wh/kg at a power density of 

0.16 kW/kg and 2.0 Wh/kg at a power density of 3.2 kW/kg.  It is well known that charge-discharge 

voltage range has a significant impact on the energy density of supercapacitors. In this study, the 

relatively low energy density is likely due to the small potential range used in the charge/discharge 

test, which is limited by the alkaline aqueous electrolyte and possible oxygen evolution reactions 

at high potentials.  By using organic solvents, larger potential ranges could be utilized, which can 

possibly lead to higher energy densities. 
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Fig. 3.9 (a) Cycling stability of the CoS2 NWs on both substrates tested at a mass-specific current 

of 5 A/g. (b) Ragone charts of the CoS2 NWs on carbon cloth and graphite disc substrates. 

 

3.4 Summary and conclusions 

To summarize, vertically-aligned metallic CoS2 NWs synthesized directly on carbon cloth or 

graphite disc current collectors exhibit promising performance in supercapacitors, among the best 

reported for CoSx-based active materials.  The open CoS2 NW structure leads to a large accessible 

surface area and resists aggregation of the active material, resulting in a high specific capacitance.  

Notably, because the CoS2 NWs were synthesized directly on the current collecting electrodes, the 

supercapacitors show excellent cycling stability.  The as-reported metallic CoS2 NWs represent a 

novel transition metal sulfide-based active nanomaterial for supercapacitors.  Moreover, with their 

unique structures and outstanding properties, metallic CoS2 NWs could be attractive for many 

other energy device applications, e.g., batteries and fuel cells.   
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CHAPTER 4 CRUMPLED GRAPHENE/TUNGSTEN 

DISULFIDE/TUNGSTEN TRIOXIDE TERNARY 

NANOHYBRIDS FOR ELECTROCATALYSIS  

 

4.1 Introduction 

Transition metal oxides and dichalcogenides are promising candidates for platinum-free 

electrocatalysts in renewable energy applications. In this chapter, we present an aerosol processing 

method for facile and green synthesis of reduced graphene oxide (rGO)/tungsten disulfide 

(WS2)/tungsten trioxide (WO3) ternary nanohybrids in order to combine the benefits of TMOs and 

TMDs. The crumpled graphene/WS2/WO3 (CGTH) catalyst shows a superior electrocatalytic 

activity in the HER. This chapter introduces synthesis and characterization of CGTH, together 

with a mechanistic understanding of its electrocatalytic properties. 

 

4.2 Experimental methods 

4.2.1 Material synthesis 

The crumpled graphene/WS2/WO3 (CGTH) was fabricated through a one-step aerosolization of 

GO suspension (ACS Materials, 1 mg/ml) mixed with (NH4)2WS4 (Alfa Aesar, 10 mg/ml). GO 

sheets provide active sites for the adsorption of precursor ions and nanocrystal growth. A brief (5 

min) sonication was conducted on the mixed suspension for a better dispersion and ion adsorption. 

The as-prepared suspension was then aerosolized by an ultrasonic nebulizer (2.4 MHz). The 

aerosolized mist was carried by an inert gas (Argon, 1 L/min) and passed through a tube furnace 

preheated at 800 oC. The capillary force generated by the rapid evaporation of the solvent leads to 
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the shrinkage of aerosol droplets and the compression of GO sheets. (NH4)2WS4 in the aerosol 

droplets was thermally decomposed to WS2 nanocrystals (Equation 4.1), while the nanocrystals 

were encapsulated by thermally-reduced GO sheets. WS2 can react with water vapor under high 

temperature (Equation 4.2), so the surface of the encapsulated nanocrystals is covered by WO3.
257 

The as-produced hybrid materials were collected by a Teflon filter at the exhaust of the tube 

furnace for further analysis. 

(NH4)2WS4 ⟶ WS2 + 2NH3 + H2S + S               (4.1) 

WS2 +3H2O ⟶ WO3 + 2H2S + H2                              (4.2) 

For the first control group, C1, (NH4)2WS4 solution (10 mg/ml) was aerosolized to fabricate 

nanocrystals without GO. For the second control group C2, the mixture of GO and (NH4)2WS4 

was dried under vacuum and then heated at 800 oC without the aerosolization step. For the third 

control group, C3, (NH4)6H2W12O4 instead of (NH4)2WS4 was used as the precursor and 

conebulized with GO to fabricate crumpled graphene/WO3 hybrids. The materials synthesize 

process collaborated with Yantao Chen from the University of Wisconsin-Milwaukee. 

 

4.2.2 Material characterization 

A Hitachi S-4800 scanning electron microscope (SEM) equipped with an energy-dispersive 

spectroscopy (EDS) analyzer was used for structural and elemental characterization of the 

prepared samples. An FEI Talos F200X S/TEM was used for HAADF STEM imaging and 

elemental mapping. Raman spectroscopy was conducted with a Renishaw Raman microscope 

(Brucker RFS 100/S spectrometer). X-ray photoelectron spectroscopy (XPS) spectra were 

obtained using an HP5950A ESCA spectrometer with monochromatic Al Kα radiation as the X-

ray source and the C1s peak at 285 eV as an internal standard. The specific surface area was 
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obtained using ASAP2020 (Micromeritics, U.S.A) Brunauer-Emmett-Teller (BET) nitrogen 

adsorption-desorption. The N2 adsorption-desorption measurements were carried out at 77 K using 

a Quantachrome Autosorb gas-sorption system. The samples were degassed at 300 ℃ for 2 hours 

before the measurements. The specific surface area of CGTH is calculated by Brunaur-Emmett-

Teller (BET) method.  

 

4.2.3 Electrochemical measurements 

For the electrochemical measurements, all the samples were evaluated in a three-electrode system. 

The electrochemical performance of the CGTH and control groups were tested using Linear Sweep 

Voltammetry and Cyclic Voltammetry techniques on a CHI 600 electrochemical workstation 

under ambient conditions. A platinum wire (CHI115) was used as the counter electrode. The 

electrolyte used for all HER experiments was 0.5 M H2SO4 saturated with Ar. Same mass/density 

of the active materials was loaded on the working electrode.  For the sample preparation, 3 mg of 

catalyst and 30 μl of 5 wt.% Nafion solution were dispersed in 270 μl DI water by 15 min of 

sonication to form a homogeneous ink. Then 5 μl of the catalyst ink (containing 50 μg of catalyst) 

was loaded onto a glassy carbon electrode of 3 mm in diameter (loading ~ 0.707 mg/cm2). All 

potentials were measured against an Ag/AgCl reference electrode (1.0 M KCl, Sigma) and 

converted to the RHE reference scale using E (vs RHE) = E (vs Ag/AgCl) + 0.198 V + 0.0591 

V*pH. 

  

4.2.4 Reversible hydrogen electrode (RHE) calibration 

For the electrochemical measurements, Ag/AgCl electrode was used as the reference electrode. It 

was calibrated with respect to reversible hydrogen electrode. The calibration was performed in 
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the high purity H2 saturated electrolyte with a Pt wire as the working electrode. Cyclic 

voltammetry tests were run at a scan rate of 60 mV·s-1, and the first potential at which the current 

crossed zero was taken to be the thermodynamic potential for the hydrogen electrode reactions 

which shown in Fig 4.1. In 0.5 M H2SO4, E (vs RHE) = E (Ag/AgCl) + 0.198 V. All the 

potentials reported in this manuscript were against RHE. 

 

Fig. 4.1 Calibration of the reference electrode against the RHE. 

4.3 Results and discussion 

Figure 4.2 shows the experimental setup for fabricating the CGTH. GO suspension and ammonium 

tetrathiotungstate ((NH4)2WS4) were mixed first and then nebulized into a preheated tube furnace. 

GO sheets provided active sites for the adsorption of precursor ions and nanocrystals growth. The 

details for material synthesis can be found in Experimental Section. SEM analysis was conducted 

to study the structure and morphology of the CGTH. The SEM image in The SEM image in Fig. 

4.3A shows that the CGTH has a size distribution from 200 to 800 nm with a 3D crumpled structure 

and the nanocrystals were decorated on the reduced GO (rGO) sheets. Another SEM image (Fig. 

4.3B) with a higher magnification shows that the nanocrystals have a rod-like shape and the rGO 

sheets work as a frame/substrate for loading nanocrystals. CGTH had a smoother surface than 

empty crumpled graphene balls,156 which can be attributed to the filling of the nanocrystals. The 
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swollen structure of the CGTH also indicates the ultra-high loading ratio (mass ratio of rGO: 

tungsten ~ 1:4). Three groups of control experiments were carried out to demonstrate the unique 

structure and outstanding HER catalytic performance of CGTH. For the first control group (C1), 

the liquid suspension without GO was aerosolized under the same condition. The product showed 

a spherical structure due to the absence of GO as shown in Figure 4.5. In the second control group 

(C2), the same suspension was used as fabricating the CGTH (1 mg/ml GO with 10 mg/ml 

(NH4)2WS4). The suspension was directly dried under vacuum and then annealed at 800 oC for 1 

hour without the aerosolization step. The as-produced material contains irregularly distributed rGO 

flakes and nanowires, as shown in Figure 4.5B. Regarding the third control group (C3), ammonium 

metatungstate ((NH4)6H2W12O4) instead of (NH4)2WS4 was used as the precursor and conebulized 

with GO to fabricate crumpled graphene/WO3 hybrids. The product of C3 has similar morphology 

with CGTH (see Figure 4.5C). C1 and C2 samples demonstrated that the aerosol synthesis of 

CGTH hybrids can achieve better material uniformity and electrical contact, which plays an 

important role in catalysis performance.151,258 The performance of C3 sample will be compared 

with CGTH to demonstrate the function of WS2 in the ternary catalyst. 

 

TEM was conducted to better understand the internal structure of CGTH. The rod-like shape of 

the encapsulated nanocrystals is confirmed by the TEM image in Fig. 4.3C. The precursor for 

fabricating the CGTH, (NH4)2WS4, is decomposed into WS2 under high temperature, while WS2 

is chemically unstable in the presence of water vapor at high temperature and can be partially 

oxidized by water to form WO3.
257 The coexistence of WS2 and WO3 was further confirmed by 

the selected area electron diffraction (SAED) in Fig. 4.3D and the HRTEM image in Fig. 4.3E. 

Several obscure rings in Fig. 4.3D could be detected, which is due to the poor crystallinity of 
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CGTH. According to Xu et al.’s259 and Wang et al.’s260 studies, the possible reason for the poor 

crystallinity of CGTH is because the growth of crystalline WS2 phase is restricted by the WO3 

phase. It was revealed that the measured d spacing of WS2 in the nanorods is 0.617 nm, which 

matches well with the (002) lattice plane of WS2 (0.616 nm). The measured lattice spacing of WO3 

in the nanorods is 0.378 nm, which is in agreement with the (020) lattice plane of WO3 (0.377 nm). 

EDS elemental mapping analysis was also carried out for the CGTH to reveal the distribution of 

the W, C, O, S elements (Fig. 4.4). In Fig. 4.4, tungsten, carbon and oxygen elements are 

distributed uniformly on the nanohybrids, indicating the WS2/WO3 nanorods are decorated 

uniformly on the crumpled graphene. In order to study the accurate distribution of elements on the 

WS2/WO3 nanorod, the high angle annular dark field (HAADF) STEM imaging was conducted on 

the WS2/WO3 nanorod with EDS elemental mapping scanning along the green arrow, as shown in 

Fig. 4.3F and 4.3G. The results indicate that the oxygen element has a higher intensity around the 

edge of the nanorod, while the sulfur element has a higher intensity near the center of the nanorod. 

In other words, there is a quasi core-shell structure between WS2 and WO3. Most of WS2 located 

at the center of the nanorod, while most of WO3 located near the edge of the nanorod. The 

elemental mapping results show that sulfur is distributed on the CGTH and could be doped into 

the graphene basal plane via the formation of the C-S bond which has two trace peaks located at 

164.2 eV and 165.4 eV 261,262. There is no peak present in the XPS spectra at 164-165 eV, indicating 

the possibility of S-doping in CGTH is slim.   
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Fig. 4.2 Experimental setup for fabricating the CGTH hybrid materials. Aerosol droplets 

containing GO and precursor ions were carried by Ar and passed through the heated tube 

furnace. GO was thermally reduced and precursor ions adsorbed on GO sheets were converted 

into WS2/WO3 nanocrystals.   
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Fig. 4.3 Electron microscopy characterization of the CGTH. (A-B) SEM images of the as-

produced CGTH with different magnifications. The CGTH has a 3D crumpled structure with 

filler materials. (C) TEM image of the CGTH confirms the rod-like shape of the encapsulated 
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nanomaterial and indicates the internal structure. (D) SAED pattern of the CGTH shows the 

lattice parameters of the encapsulated nanomaterial. (E) HRTEM image shows two distinct 

lattice spacings of WS2 and WO3. The nanorod contains WS2 and WO3. (F) HAADF STEM 

imaging of nanorods. (G) Elemental mapping along the green arrow in (F). (H) Elemental 

distribution of C, O, S, and W in (F). 
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Fig. 4.4 (A) SEM image, (B-F) EDS elemental mappings of the CGTH and (G) EDAX spectrum 

of the CGTH with copper foil background.  
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Fig 4.5 SEM images of the control groups. (A) The suspension was aerosolized without GO 

(C1). (B) The suspension containing GO and precursor was dried and annealed without the 

aerosolization step (C2). (C) GO was nebulized with (NH4)6H2W12O4 to fabricate the crumpled 

graphene/WO3 hybrids (C3). 

 

XRD analysis was carried out to study the crystal structure of CGTH. In Fig. 4.6A, all the star 

marked peaks match well with the standard hexagonal WS2 diffraction peaks, and all the other 

diffraction peaks marked by a triangle are indexed to WO3. The strongest WS2 peak at 14°, 

corresponding to (002), matches well with the HRTEM results. The relatively low intensity of 

(002) plane for WS2 reveals that only a few WS2 layers could be detected from the surface of 

CGTH and a compact WO3 layer formed during the synthesis process.163,263 The strongest WO3 

peak at 23.4°, corresponding to (020), matches well with the SAED results. The XRD patterns of 

the control groups were also collected to determine the crystal structure of the materials prepared 

with different approaches (Fig. 4.7). The C1 sample shows strong peaks corresponding to lattice 

planes of WO3 and smaller peaks of WS2, which means without introducing the GO in the 

aerosolization process, most of the products were WO3 rather than WS2. The crystallographic 

structure of C2 showed similar results with CGTH. Only the WO3 peaks can be observed for the 

material of C3, indicating the absence of WS2 by replacing the precursor during fabrication. Raman 

spectroscopy was conducted to further study the structure of the ternary catalysts. As shown in Fig. 
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4.6B, Raman peaks appear at 350.9 and 416.7 cm-1, corresponding to E2g and A1g vibration modes 

of WS2, respectively, which are the primary Raman peaks of WS2 (inset of Figure 4.6B).264,265 It 

can be seen that WO3 nanorods show two regions at 200-400 and 600-900 cm-1. The Raman peak 

observed at lower wavenumbers around 265 cm-1 corresponds to the W-O-W bending modes of 

bridging oxide ions. The peak at 702 cm-1 could be assigned to W-O-W vibration and the peak at 

809 cm-1 is attributed to crystalline WO3 stretching vibration mode of bridging oxygen of W-O-

W.266,267 In Fig. 4.6B， the relatively broad bands at 950 cm-1 can be attributed to W6+=O 

stretching mode of terminal oxygen atoms, which could be located at the surface of the 

nanorods.268 The formation of monoclinic phase of WO3 could be confirmed by higher 

wavenumber peaks. As displayed on the right-hand side of the spectrum, the characteristic D and 

G bands of carbon materials were found at around 1,330 and 1,605 cm-1, respectively. Generally, 

the D band is referred to as the disorder or defect band which originates from a hybridized 

vibrational mode related to the edges of graphene; while the G band is the result of the first-order 

scattering of the E2g mode of sp2 carbon domains. The higher intensity of D band for the CGTH 

(ID/IG=1.30) indicates a large number of defects or edges, which is a characteristic for the 3D 

crumpled graphene structures.269,270 

 
Fig. 4.6 (A) Representative XRD pattern and (B) Raman spectra of the CGTH. The inset 

highlights the Raman spectrum in the range of 320-450 cm-1. 
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Fig. 4.7 Representative XRD pattern of the (A) C1, (B) C2, (C) C3. 

 

XPS analysis was carried out to investigate the chemical states and surface chemical compositions 

of CGTH (Fig. 4.8). The XPS spectra of W4f, S2p, and O1s and the simulation results of their 

decomposition peaks are presented in Fig. 4.9A-C, respectively. For the W4f spectra, the peaks 

appear at 35.5 and 37.6 eV correspond to the W4f7/2 levels of tungsten atoms for W6+-states of 

oxide and hydroxide.271,272 It could be observed that the components of the 1T phase in the W4f 

spectrum appear at the binding energy of 32 eV, which is about 1 eV lower than that of the bulk 

WS2 2H phase.272,273 Compared with the trigonal prismatic transition metal atom coordination of 

the 2H phase WS2, the metal atom coordination for 1T-WS2 is octahedral.274 Except for the 

structural differences, CGTH represents significantly different electronic properties depending on 

the evolutional polymorph structures.275 The 2H phase suggests semiconducting properties while 

the 1T phase indicates a metallic characteristic with a significantly enhanced conductivity, which 

has been reported to be an efficient hydrogen evolution catalyst.273-276 Fig. 4.9B shows the S2p 

signals of the CGTH, where the S2p1/2 located at 163.1 eV and S2p3/2 located at 161.8 eV are 

attributed to WS2.
271,277 The O1s spectra of the CGTH shown in Figure 4.9C is the superposition 

of three peaks located at 530.2, 532.1 and 533.2 eV. The intensity at 530.2 eV is associated with 

the O2- ions, which is derived from the compact WO3 layer. The O1s peak at 533.2 eV points to 
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the loosely bound oxygen mainly from H2O molecules on the surface of WO3. The peak located 

at 532.1 eV can be attributed to O2- in the oxygen-deficient regions with the matrix of WO3.
278 

Considering that the OH- groups are bonded to the metal cations to maintain the charge balance in 

the oxygen-deficient surface region, the intensity of OH- groups is closely related to the oxygen 

vacancy density. To investigate the surface area and porous structure of CGTH, nitrogen 

adsorption-desorption isotherm curves were measured and identified as type IV, as shown in Fig. 

4.8B. CGTH has a specific surface area of ~ 18 m2/g, with adsorption average pore width ~129.3 

Å. 

  

Fig. 4.8 (A) XPS spectrum of CGTH; (B) N2 adsorption-desorption isotherms and BJH pore size 

distribution for CGTH. 

 

Fig. 4.9 XPS spectrum of (A) W4f, (B) S2p and (C) O1s of CGTH. The peaks in the O1s region 

located at 530.2, 532.1, 533.2 eV are assigned to lattice oxygen, oxygen vacancy and 

chemisorbed H2O, respectively. 
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The electrocatalytic HER activities of CGTH nanohybrids along with control groups were 

characterized by depositing these materials on a glassy carbon electrode and testing in a 0.5 M 

H2SO4 solution using a three-electrode setup (see Experimental Methods section for details of 

reversible hydrogen electrode/RHE calibration). As a reference, a commercial Pt/C catalyst was 

used for comparison, which exhibited the highest catalytic performance (with a nearly 0 V onset 

potential). The polarization curve (i-V plot) recorded with CGTH hybrid on glassy carbon 

electrodes showed a small onset potential (η) of 96 mV for the HER (Fig. 4.10A), which is 

comparable to that of Pt and implies low energy consumption in the catalytic process. In sharp 

contrast, C1, C2, C3 or glassy carbon alone exhibited limited HER activity with the onset potential 

of 400 mV for C1, 330 mV for C2, 468 mV for C3 and 520 mV for glassy carbon, respectively. 

The potential value at a fixed current density of 10 mA cm−2 is usually used to compare the 

catalytic activity in HER. Based on the Linear Sweep Voltammetry (LSV) results shown in Fig. 

4.10A, the potentials at a current density of 10 mA cm−2 are 113 mV for CGTH, 475 mV for C1, 

440 mV for C2, and 481 mV for C3, which suggest that the CGTH possesses a higher catalytic 

activity compared with the control groups. The value is very encouraging so far compared with 

the recently reported value (229 mV) for vertically-oriented WS2 nanosheet sensitized by 

graphene.279 There are three steps involved for HER in acidic medium: Volmer [Equation (4.3)], 

Heyrovsky [Equation (4.4)] and Tafel [Equation (4.5)] reactions.280 Hads stands for the adsorbed 

hydrogen. 

H3O
+ + e- → Hads + H2O                                                (4.3) 

Hads + H3O
+ + e- → H2 + H2O                                        (4.4) 

Hads + Hads → H2                                                                                            (4.5) 
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Tafel slope is an inherent property of catalysts, which depends on the rate determining step (RDS). 

The Tafel slope for Volmer, Heyrovsky and Tafel reactions at room temperature is calculated as 

120, 40 and 30 mV/dec.280 In order to investigate the HER kinetics of CGTH, the linear portions 

of the Tafel plots (Figure 4.10B) were fit to the Tafel equation (η= b log j + a, where j is the current 

density and b is the Tafel slope),279 yielding Tafel slopes of 28, 37, 78, 99 and 135 mV/decade for 

Pt/C, CGTH, C1, C2, and C3, respectively. The surface of Pt has a very high adsorbed hydrogen 

coverage (θH ≈ 1) and is well known to proceed through the Volmer-Tafel mechanism (Equation 

4.3 and 4.5). Meanwhile, the Tafel slope of CGTH is 37 mV/dec, suggesting the RDS for CGTH 

is Volmer-Heyrovsky mechanism. The observed small Tafel slope exhibited by CGTH can be 

attributed to the intimate contact between crumpled rGO and nanorods that results in a highly 

conductive system for facile electron transfer. For the control groups (C1-C3), the large Tafel 

slopes (78-135 mV/dec) indicate the sluggish HER kinetics and the corresponding RDS is 

Heyrovsky or Volmer reaction. The CGTH has a significantly faster HER kinetics, especially on 

the desorption step (Heyrovsky reaction). The HER performance especially the Tafel slope of C3 

(crumpled rGO with the pure phase of WO3) is way below that of CGTH, which indicates that 

WS2 functioned as a catalyst. Yang et al.281 proposed a “spillover” mechanism for HER 

electrocatalysis of WO3 and WS2 hybrid materials. This synergistic catalytic mechanism can be 

used to explain the outstanding performance of CGTH. The protons are first intercalated in the 

WO3 lattice and then spill over to the exposed active sites of WS2. 
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Fig. 4.10 Electrochemical measurements for the CGTH and control groups in H2SO4 (0.5 M). 

(A) Polarization curves obtained with several catalysts as indicated and (B) corresponding Tafel 

plots recorded on glassy carbon electrodes. The current density is normalized to the area 

(mA/cm2). 

 

To further understand the electrochemical behavior under HER operating conditions, 

electrochemical impedance spectroscopy (EIS) tests were carried out for the CGTH and control 

groups, as shown in Fig. 4.11A. The semicircles could be observed in the plots, which are 

attributed to the charge transfer resistance (Rct) of protons that were reduced at the electrode-

electrolyte interface. The CGTH showed a charge transfer resistance (Rct) of around 48.5 Ω, which 

is much smaller than those of the control groups. In addition, Rs can be estimated by the x-intercept 

of the Nyquist plots. The CGTH possess a low Rs value (9.7 Ω), illustrating that the introduction 

of rGO to WS2/WO3 nanorods could improve the electrical contact at the interface of 

electrolyte/electrode and decrease parasitic Ohmic losses.  
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Fig. 4.11 (A) Nyquist plots of the CGTH, control group C1, C2 and C3 with the imaginary part 

versus the real part of the impedance. The data were collected under around HER overpotential 

~500 mV. (B) The I-t test results of the CGTH kept at -120 mV versus RHE in an Ar-saturated 

0.5 M H2SO4 solution.  

 

The stability of catalyst for long-term operation is also critical for the practical applications of the 

catalysts. In this study, CGTH was operated at a constant voltage of -120 mV versus RHE in a 0.5 

M H2SO4 for more than 15 hours to investigate the catalyst durability for HER (Fig. 4.11B). The 

current retention results show that the CGTH catalyst retained 99.7% of the catalytic current after 

15 hours, which is very encouraging for the long-term operation of the catalyst in HER. After the 

15 hours’ stability test, the remaining CGTH on the working electrode was collected for Raman 

spectroscopy. After comparing the Raman spectrum for the collected CGTH with the original 

CGTH, there is no peak position shift (Fig. 4.12), but we observed that the peak intensity for WS2 

diminished after 15 hours’ operation. It is highly possible that small part of the WS2 exposed to 

the electrolyte was converted to WO3 during the test. To further investigate the degradation of 

CGTH after long-term electrocatalysis, elemental analysis by XPS was performed on the catalyst 

collected on the working electrode after 15 hours’ continuous operation. As shown in Table 4.1, 
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we can only observe negligible changes in the atomic percentage of CGTH, indicating the 

elemental composition is almost unchanged. One of the reasons why the CGTH can retain its 

structural integrity in the electrolyte for long-term operation is possibly due to the WO3 that 

partially covered the WS2, which can resist the corrosion in an acidic environment.282 The slight 

decay in the current density is due to the blocking of the active sites on the catalyst by the gradual 

accumulation of evolved hydrogen bubbles.  

 

Fig. 4.12 Raman spectra of CGTH before and after 15 hours’ test. 

 

Table 4.1 The atomic percentage of elements in the CGTH before and after the long-term cycling performance 

 

 C [%] O [%] S [%] W [%] 

CGTH 64.8 29.2 2.0 4.0 

CGTH after 15 
hours 

66.6 31.0 1.2 1.2 

 

 

The electrochemical double layer capacitance (Cdl) of CGTH was measured (~ 0.64 mF/cm2) to 

estimate the electrochemically active surface area (ECSA, ~10.7 cm2
ECSA), as shown in Fig. 4.13.  
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In order to avoid the faradaic processes, the potential range between 0.50 to 0.60 V vs RHE was 

chosen to record the capacitive currents. We performed cyclic voltammetry by sweeping between 

the above potential range for 5 times at 6 different scan rates (60, 80, 100, 120, 140, 160 mV s-1). 

The current density variation of anode and cathode (Δj=ja-jc) at 0.55 V (vs RHE ) was plotted 

against the scan rate. The electrochemical double layer capacitances (Cdl) were estimated by fitting 

the Δ j -potential plots. ECSA is calculated by the following equation: 

AECSA=
specific capacitance

60 μF cm-2 per cmECSA
2

 

 
Fig. 4.13 The differences in current density (Δj = ja-jc) at the overpotential of 0.55 V (vs. RHE) 

are plotted against scan rate and linearly fitted to estimate Cdl. 

 

The performance of CGTH and previously reported electrocatalysts in HER are listed in Table 4.2 

for comparison. As shown in Table 4.2, it is clearly seen that the CGTH has the smallest Tafel 

slope (37 mV/dec), which is superior to those of MoS2/WS2-based electrocatalysts (41-70 mV/dec) 
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reported so far. For the overpotential (corresponding current density 10 mA/cm2), the CGTH has 

the smallest value (113 mV vs. RHE). Meanwhile, the stability of CGTH is also outstanding among 

the MoS2/WS2-based electrocatalysts due to its ternary structure. The excellent HER activity of 

CGTH can be attributed to its unique structure. WS2 is the HER active component in the CGTH, 

which is demonstrated by the small onset potential of 96 mV compared to sample C3 (without 

WS2, 468 mV). The partial coverage of WO3 can prevent the corrosion and improve the stability. 

Typically, TMD nanosheets were grown on the surface of two-dimensional rGO 151,163, while the 

drawback was that the charge transfer was limited to two dimensions. Compared with the 

previously reported works on TMD/rGO-based electrocatalysts, CGTH has the advantage of a 3D 

conductive network constructed by crumpled rGO for an even more efficient charge transfer, 

which is evidenced by the small Rct value of 48.5 Ω compared with sample C1 (without rGO, 107.6 

Ω). Previous studies of TMDs/rGO give the credit to strong chemical and electronic coupling 

between the rGO and TMDs with an abundance of accessible edges that works as active sites in 

HER electrocatalysis. This study further verifies this theory and clearly demonstrates that 

crumpled rGO/WS2/WO3 ternary structure could serve as an even more efficient electrocatalyst 

for HER. With the excellent electrocatalytic activity, stability, and corrosion-resistance, the CGTH 

could be a promising HER catalyst to replace the precious Pt catalyst for various applications such 

as water splitting. 
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Table 4.2 Comparison of HER catalytic activity for MoS2/WS2-based electrocatalysts. 

 

Catalyst 

 

Onset Potential 

(V vs. RHE, 

mV) 

 

Potential at 10    

mA/cm2 

(V vs. RHE, 

mV) 

Tafel slope       

(mV/dec) 

 

 

Stability 

 

 

 

Reference 

CGTH 96 113 37 

retained 99.7% of 

the 

electrocatalytic 

current after 15 

hours 

This work 

Metallic MoS2 

nanosheets 
 187 43 

<15% decay in 

the 

electrocatalytic 

current density 

after 1000 cycles 

Lukowski, et al. 
283 

Mesoporous 

MoS2 
150-200  50  

Kibsgaard, et al. 
284 

MoS2 NPs on 

graphene 
100  41 

negligible activity 

loss after 1000 

cycles 

Li, et al. 285 

Ultrathin WS2 

nanoflakes 
100  48 

increase of 

overpotential < 10 

mV after 10000 

cycles 

Cheng, et al. 146 

Metallic WS2 

nanosheets 
 142 70 

slow decline in 

catalytic activity 

Lukowski, et al. 
214 

WS2 nanodots 90  51 
slight activity loss 

after 1000 cycles 
Zhao, et al. 161 

MoP 77 153 66 

no obvious 

activity decay 

after 2000 cycles 

Yang, et al. 286 

CoNi nanoalloy 

encapsulated by 

graphene 

spheres 

almost zero 142 105 
fairly stable for 

1000 cycles 
Deng, et al. 287 

Nitrogen and 

sulfur co-doped 

nanoporous 

graphene 

130 280 80.5 
10% current 

decay after 7 days 
Ito, et al. 288 
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4.4 Summary and conclusions 

In summary, 3D crumpled rGO/WS2/WO3 hybrids were fabricated through aerosolizing a mixture 

of GO suspension and precursors. The as-produced material has a stable ternary structure in 

aqueous electrolyte and a high accessible surface area, which is beneficial for rapid mass transfer 

of ions. As a demonstration, the crumpled graphene/WS2/WO3 (CGTH) catalyst showed a superior 

electrocatalytic activity in the hydrogen evolution reaction (HER), with a Tafel slope of 37 mV/dec 

and an onset potential of 96 mV. Compared with reported MoS2/WS2-based electrocatalysts, this 

hybrid material shows one of the highest catalytic activities in HER, which is attributed to the 

synergistic effect of different factors, including crumpled open structure, facile charge transfer, 

and abundant catalytic active sites. The environmentally-friendly synthesis and outstanding 

performance suggest a great potential of CGTH for noble metal-free electrocatalysts in water 

splitting. 
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CHAPTER 5 MOLYBDENUM DISULFIDE QUANTUM DOTS 

FOR LITHIUM-ION AND POTASSIUM-ION BATTERIES 

 

5.1 Introduction 

Lithium-ion batteries (LIBs) have become the vital energy storage devices due to the requirements 

of high energy density and long cycling life, particularly for portable devices. However, the 

commercial graphite anode for LIBs could not fulfill the urgent need of increasing energy and 

power densities due to its limited theoretical capacity. To improve the specific capacity of LIBs 

and relieve volume expansion of electrodes, TMD materials especially MoS2 QDs have been 

considered a promising anode material for LIBs owing to their higher theoretical capacity and 

better rate capability compared with the commercial graphite anode. This chapter describes the 

preparation and application of exfoliated mesoporous MoS2 QDs-graphite composite anodes. The 

MoS2 QDs can be located in the void spaces between graphite particles, thereby preventing the 

graphite particles from losing electrical contact with the current collector and enhancing the 

cycling stability of MoS2/graphite composite anodes. Furthermore, MoS2 QDs can also be 

promising anode material for potassium-ion batteries (PIBs). 

 

5.2 Experimental methods 

5.2.1 Material synthesis 

Synthesis of large surface area hard template SBA-15. 6.67 g of Poly(ethylene glycol)-block-

poly(propylene glycol)-block-poly(ethylene glycol) triblock copolymer (P123: EO20PO70EO20 

purchased from Sigma-Aldrich) was dissolved in a mixture of 33.3 mL 12M Hydrochloric acid 
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(HCl) and 216.7 mL DI H2O at 38°C. Then 13.87 g of Tetraethyl orthosilicate (TEOS: Si(OC2H5)4 

purchased from Sigma-Aldrich) was poured into the solution with vigorous stirring, and the 

mixture was kept at the same temperature for 24 hrs. Next, the above mixture was heated up to 

100 °C for 48 hrs for hydrothermal treatment in a 100 mL Teflon lined hydrothermal reactor. 

Finally, the white solids were recovered by filtration and calcinated at 550 °C for 4 hrs in the air 

to remove the P123 surfactant. 

Synthesis of mesoporous MoS2 (M-MoS2). 0.5 g of Phosphomolybdic acid (PMA: H3PMo12O40 

purchased from Sigma-Aldrich) was mixed with 0.5 g of SBA-15 and 10 mL of ethanol under 

stirring in an open crucible at room temperature. After the ethanol evaporated after about 8 hrs, 

the obtained powder was loaded on a quartz boat and put in the middle of a quartz tube furnace. 

Another two quartz boats that loaded with 4 g of sulfur powder were also placed in the tube furnace 

in the upstream direction just by the side of the PMA@SBA-15 boat. Then the furnace was heated 

to 600 °C at a rate of 2 °C/min under a hydrogen gas flow (100 mL min-1). After keeping in this 

temperature for 6 hrs, the furnace was cooled down to room temperature. The H2S in the off-gas 

was absorbed by 2 M sodium hydroxide (NaOH) aqueous solution. Then MoS2@SBA-15 

composite was treated with 4% Hydrofluoric acid (HF) aqueous solution for 2 hrs to remove the 

silica template. Finally, M-MoS2 was obtained after the filtration and drying process.  

Synthesis of exfoliated MoS2 QDs (MQDs). Lithium intercalation was achieved by immersing 5 

mg of M-MoS2 powder in 5 mL of 1.6 M butyllithium solution in hexane (purchased from Sigma-

Aldrich) for 72 hrs in a flask filled with argon gas. Then LixMoS2 was retrieved by washing with 

hexane and dialysis process to remove excess lithium and organic residues. The exfoliation was 

achieved by adding LixMoS2 into DI water and sonicated in an ultrasonic bath continuously for 4 

hrs. Next, the dispersion was sonicated with a sonic tip for another 4 hrs. The bath temperature 
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during sonication was kept below 277 K by keeping the sample in an ice water bath. The top two-

thirds of the dispersion was centrifuged at 10,000 rpm for 15 min three times to obtain MQDs. 

 

5.2.2 Material characterization 

A Hitachi S-4800 scanning electron microscope (SEM) and Hitachi H-9000NAR transmission 

electron microscope (TEM) were used for structural and elemental characterization of the as-

prepared samples. The X-ray powder diffraction (XRD) analyses were conducted on a Bruker D8 

Discover X-ray diffractometer equipped with a scintillation counter and Cu k-alpha radiation 

(0.15418 nm) reflection mode. Raman spectroscopy was conducted with a Renishaw Raman 

microscope (Brucker RFS 100/S spectrometer) with an excitation wavelength of 1,064 nm at an 

input power of 1 mW. The specific surface area was obtained using ASAP2020 (Micromeritics, 

U.S.A) Brunauer-Emmett-Teller (BET) nitrogen adsorption-desorption. The N2 adsorption-

desorption measurements were carried out at 77 K using a Quantachrome Autosorb gas-sorption 

system. The thickness measurement was conducted by Atomic-force microscopy (AFM) from 

Agilent Technologies. The fluorescence spectra for MQDs was examined by the PerkinElmer LS 

55 Fluorescence spectrometer. 

 

5.2.3 Preparation of electrodes and coin cells 

The charge/discharge performance was characterized by using 2032-type coin cells that were 

assembled in an argon-filled glove box, with oxygen and moisture content below 1 ppm. 

Electrodes of LIBs were prepared by mixing the as-prepared mesoporous MoS2 and graphite 

(denote as M-MoS2-G) as the active material with a weight ratio of 30:70 for the electrodes and 

the same ratio was used for preparing exfoliated MoS2 QDs (denote as MQDs-G) electrodes. The 
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active material, sodium carboxymethyl cellulose, and carbon black as a conductor were mixed 

with a weight ratio of 80:10:10 to form a slurry. The resulting slurries were coated onto a Cu foil 

disks current collector with 12-µm in thickness and 1.1 cm in diameter. After drying and pressing, 

the Cu foil disks with typical electrode material loadings of ca. 1 mg cm-2. Then, 1 M LiPF6 

dissolved in ethylene carbonate/ethyl methyl carbonate (40:60, v/v) with additives of 

fluoroethylene carbonate (5 wt. %) and vinylene carbonate (1 wt. %) was employed as an 

electrolyte. Compare to LIBs, only MQDs (denote as MQDs-PIBs) was used as active material for 

PIBs. And 0.6 M KPF6 dissolved in ethylene carbonate/propylene carbonate (50:50, v/v) without 

any additives was employed as an electrolyte. 

 

5.2.4 Electrochemistry measurements 

The coin cells were tested on a LAND battery tester with a cut-off voltage range between 0.1 and 

3.0 V. The lithiation behavior was defined as “charge” because the MoS2 is an anode material for 

LIBs. Note that the 1 C capacities for graphite and MoS2 are different; for the fair comparison of 

the capacity, the C-rates for charging and discharging their batteries are the same while the 1 C 

current densities are different. The 1 C rate for graphite and MoS2 were defined as 372 and 670 

mA/g, respectively. In contrast, the 1 C rate for M-MoS2-G and MQDs-G was 460 mA/g because 

the contents of graphite and MoS2 were 70wt.% and 30wt.%, respectively.  

 

5.3 Results and discussion 

The mesoporous MoS2 (denote as M-MoS2) was synthesized through a hard-template method with 

SBA-15 silica as a sacrificial template. Next, the MoS2 quantum dots (denoted as MQDs) were 

prepared by using chemically exfoliating as-synthesized mesoporous MoS2. Morphology of as-
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prepared M-MoS2 and MQDs were characterized by SEM and TEM. Fig. 5.1a and Fig. 5.1b show 

that the M-MoS2 is composed of irregular agglomerates with the particle size ranging from several 

hundred nm to serval µm. The enlarged TEM image (Fig. 5.1c) shows an example of M-MoS2 

agglomerates with a dimension of ~500 nm due to the employment of the rodlike morphologies of 

SBA-15 templates (Fig. 5.1h) in the synthesis process. Furthermore, the HRTEM analysis reveals 

that the surface of the architecture is composed of MoS2 sheets with 4-10 layers as shown in Fig. 

5.1c. The interplanar distance is 0.615 nm and agrees with the d-spacing between (002) planes of 

MoS2, which is similar to that of the reported MoS2.
289,290 In addition, as demonstrated in Fig. 5.1e, 

SAED pattern was used to identify the crystallographic phase of the synthesized M-MoS2. Fig. 

5.1f and Fig. 5.1g show high-resolution TEM images of the synthesized MQDs, from which the 

lattice fringes can be clearly seen. The interplanar spacing in a representative crystallite is 0.223 

nm, which is close to that of MoS2 (103) planes.  
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Fig. 5.1 a, b) SEM images c, d) TEM images and e) SAED pattern of synthesized M-MoS2; f, g) 

TEM images of synthesized MQDs and h) TEM image of hard template SBA-15. 

 

XRD analysis was carried out to study the crystal structure of as-prepared M-MoS2 and MQDs. In 

Fig. 5.2a, a set of diffraction peaks appear at 14.36°, 33.04°, 39.24° and 58.92° for M-MoS2; these 

four peaks can be well indexed to the characteristic peaks of (002), (100), (103) and (110) crystal 

planes of 2H phase MoS2 (JCPDS card no. 65-0160), which matches well with the SAED 
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results.290 As for the synthesized MQDs, the signal of the (002) plane is broadened with the 

disappearance of most of the other peaks after ultrasonication, indicating the highly-exfoliated 

nature of the quantum dots.291 It is well known that the peak position corresponds to the d-spacing 

of crystals. Theoretically, there would be no signal or peak in the XRD pattern if all the materials 

are monolayer and have no interaction with each other.292 It should be noted that there is one broad 

peak at (004) planes for MQDs, which likely results from the partial re-stacking of quantum dots 

during the drying process since the peak is absent from the M-MoS2 pattern.293 As shown in Fig. 

5.2b, Raman peaks of M-MoS2 appear at 376.02, 402.89, and 448.96 cm-1, corresponding to E2g, 

A1g, and C vibration modes of MoS2, respectively.292 After the exfoliation process, the intensity of 

the MQDs peaks are stronger than those of M-MoS2. Generally, since interlayer van der Waals force 

decreases with the decreasing number of layers, atomic vibration becomes more strenuous in MoS2, and 

thus both E1
2g peak and A1g peak are expected to red-shift. However, on the contrary, the frequency of 

A1g peak increased from 402.89 to 403.85 cm-1 (blue-shift), reflecting the dominant influence of 

stacking induced structure changes or long-range Coulombic interlayer interactions.294 Fig. 5.2c-f show 

nitrogen gas adsorption and desorption isotherms and the corresponding pore size distributions of 

M-MoS2 and SBA-15, respectively. Both samples can be classified as typical type-IV isotherm 

with a clear adsorption-desorption hysteresis loop, which is the characteristic of mesoporous 

materials with large pores and uniform cylindrical channels.295 The specific surface areas, 

adsorption average pore widths and total pore volumes of the SBA-15, M-MoS2 and intermediate 

products were analyzed based on nitrogen adsorption and desorption measurements as shown in 

Table 5.1. From the table, the surface area and adsorption average pore width of synthesized 

template SBA-15 are 685.8 m2/g and 58.3 Å, respectively. After PMA was mixed with SBA-15 in 

the synthesis process, the specific surface area of the mixture decreased to 314.5 m2/g but the pore 
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width remained unchanged. Subsequently, the results show the surface area of MoS2@SBA-15 

remained unchanged but the pore width decreased from 59.2 Å to 55.6 Å. Finally, the M-MoS2 

with a specific surface area of 92.9 m2/g and pore width of 49.8 Å was obtained after HF solution 

treatment to remove the silica template. The M-MoS2 showed similar isotherm patterns and pore 

size distributions compared with the SBA-15, indicating that the mesoporous structure was still 

maintained after the template removal treatment.296 
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Fig. 5.2 a) Representative XRD pattern and b) Raman spectra of the M-MoS2 and MQDs. c) N2 

adsorption-desorption isotherms d) Pore size distribution of M-MoS2. e) N2 adsorption-

desorption isotherms and f) Pore size distribution of SBA-15. 
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Table 5.1 Surface properties of M-MoS2, SBA-15, and the intermediate products 

 

 

 

 

 

 

AFM measurements were carried out to further investigate the morphology and thickness of the 

as-prepared MQDs. The results show the thickness ranged from 0.8-5.8 nm (Fig. 5.3a) and the 

average height was ~1.7 nm, which is close to the height of monolayer MoS2 (0.8-1.0 nm), 

indicating the presence of monolayers in the solvent, as well as few-layer materials. The optical 

properties of MQDs were investigated by photoluminescence (PL) spectroscopy at room 

temperature. Generally, bulk MoS2 has an indirect band gap of 1.2 eV that does not exhibit PL 

properties; however, as the thickness of this material reduces to that of the monolayer, electronic 

properties change drastically, resulting in a direct band-gap semiconductor with a band gap of 1.9 

eV.297,298 As shown in Fig. 5.3b, as-prepared MQDs exhibited a weak emission with the peak 

maximum at 480 nm under an excitation wavelength of 323 nm. In semiconductors, it is well 

known that light absorption generally leads to an electron being excited from the valence to the 

conduction band, leaving behind a hole. An exciton (fluoresce emission) forms when the electron 

and the hole bind to each other. In other words, when this exciton (electron-hole pair) recombines, 

the exciton's energy can be emitted as light.299 The weak fluorescence intensity indicating the 

recombination of photo-induced electrons-holes is efficiently suppressed by the existence of 

MQDs.300  

 

Sample BET Surface 

Area (m²/g) 

Adsorption average pore 

width (Å) 

Total pore volume 

(cm3/g) 

SBA-15 685.8 58.3 1.00 

SBA-15 w/ PMA 314.5 59.2 0.47 

MoS2@SBA-15 314.8 55.6 0.44 

M-MoS2 92.9 49.8 0.12 
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Fig. 5.3 a) AFM thickness measurement with height distribution for MQDs and b) excitation and 

emission PL spectra of MQDs. Inset images show the photographs of MQDs in room light (left) 

and under a UV light source (right) emitting 365 nm light. 

 

The charge/discharge (lithiation/delithiation) performance of the M-MoS2-G and MQDs-G LIBs 

was tested using coin cells. During the test, an upper cutoff voltage of 3.0 V was used to investigate 

the full energy of the anode. As shown in Fig. 5.4a and 5.4b, the initial discharge (delithiation) 

capacity is 572 mAh g-1 with an initial Coulombic efficiency of 62% at 0.05 C rate for M-MoS2-

G. After activation at 0.05 C for two cycles, the cell was cycled at 0.2 C, exhibiting a stable 

capacity of approximately 363 mAh g-1 for 100 cycles. As for the MQDs-G, the initial discharge 

(delithiation) capacity is 714 mAh g-1 with an initial Coulombic efficiency of 64.2% at a current 

density of 0.05 C. After activation at 0.05 C for two cycles, the cell was cycled at 0.2 C, exhibiting 

a stable capacity of approximately 448.3 mAh g-1 for 100 cycles. The capacity decrease during the 

initial several cycles might be related to the fact that as-prepared materials need time for activation 

at a higher current density. To evaluate the long-term cyclic performance, both electrodes were 

cycled at 0.2 C; MQDs-G showed a reversible capacity of approximately 449.8 mAh g-1 and no 
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capacity degradation was observed after 300 cycles (Fig. 5.4e). In comparison, nearly 30% of 

capacity loss was observed for M-MoS2-G after 300 cycles. It is very clear to see that the cyclic 

performance of MQDs-G is much better than that of M-MoS2-G, especially after 175 cycles. In 

the MQDs-G structure, the MQDs can be located in the void spaces between the graphite particles, 

thus preventing the expansion phenomenon of active materials and graphite particles from losing 

contact with the current collector. MQDs-G composites demonstrated a good charge/discharge 

character and the capacity still maintained at 449.8 mAh g-1 after 300 charge/discharge cycles at a 

current density of 0.5 C. In contrast, the M-MoS2-G electrodes only retained 214 mAh g-1 after 

300 charge/discharge cycles. 
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Fig. 5.4 LIBs cyclic performance and Coulombic efficiency of a, b) M-MoS2-G electrodes. c, d) 

MQDs-G electrodes. e) A comparison of long-term cyclic performance between the two 

electrodes. 
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The charge/discharge (potassiation/depotassiation) performance of the MQDs as anodes for PIBs 

was tested also using coin cells. During the test, an upper cutoff voltage of 3.0 V was used to 

investigate the full energy of the anode. As shown in Fig. 5.5a and 5.5b, the initial discharge 

(depotassiation) capacity was 361 mAh g-1 with an initial Coulombic efficiency of 80.2% at 20 

mAg-1 for MQDs. The cell was cycled at 20 mAg-1 and exhibited a stable capacity of 

approximately 409 mAh g-1 for 17 cycles. The rate capability of the MQDs-PIBs is shown in Fig. 

5.5c. The MQDs-PIBs delivered 366, 315.4, 300.3, 282.6, 257.4, and 195.5 mAh g-1 at current 

densities of 20, 40, 100, 200, 400, and 1,000 mAh g-1, respectively, suggesting the good rate 

capability for the MQDs in PIBs. 
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Fig. 5.5 Electrochemical performance of MQDs electrodes for PIBs. a, b) cyclic performance 

and Coulombic efficiency of MQDs electrodes at 20 mAg-1. c) rate capability of MQDs 

electrodes. 

 

5.4 Summary and conclusions 

Exfoliated mesoporous MoS2 QDs-graphite composites have been produced for LIB anodes, in 

which MoS2 QDs can be located in the void spaces between graphite particles, thereby preventing 

the graphite particles from losing contact with the current collector and enhancing the cycling 

stability of MoS2/graphite composite anodes. The composite anode samples were characterized by 

XRD, Raman spectra, SEM, HRTEM, BET, AFM, PL and electrochemical testing. The results 

showed MQDs were uniformly exfoliated with an average thickness of ~1.7 nm. The optimized 

MQDs-G composites displayed good charge/discharge characteristics and the capacity maintained 

at 449.8 mAh g-1 after 300 charge/discharge cycles at a current density of 0.5 C, whereas the M-

MoS2-G electrodes only retained 214 mAh g-1 after 300 charge/discharge cycles. MoS2 QDs were 

demonstrated for PIB anodes, which exhibited a stable capacity of approximately 409 mAh g-1 for 

17 cycles. 
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CHAPTER 6 EXFOLIATED MOLYBDENUM DISULFIDE WITH 

METAL ORGANIC FRAMEWORK FOR PHOTOCATALYTIC 

HYDROGEN EVOLUTION 

 

6.1 Introduction 

Metal-organic frameworks (MOFs) consist of metal ions and organic bridging ligands with unique 

properties due to their tunable pore size, high pore volume, high specific surface area, and highly 

ordered crystalline porous networks. However, its application for photocatalysis is limited because 

it lacks the ability to absorb visible light. Therefore, by combining MOFs with a visible-light-

active photocatalyst, such as encapsulating TMDs into MOFs to form core-shell structures, it not 

only offers combined properties but may also lead to synergistic functionalities. Much research 

attention has been focused on applying MOFs especially the Zeolitic Imidazolate Framework (ZIF-

8) structure to carbon capture, sensing, drug delivery, batteries, selective catalysis; however, their 

application as photocatalysts to address environmental issues and the energy crisis has not been 

thoroughly reported. This chapter describes the synthesis, characterization, and application of 

exfoliated MoS2@ZIF-8 for visible light enhanced photocatalytic hydrogen evolution. 

 

6.2 Experimental methods 

6.2.1 Material synthesis 

Synthesis of exfoliated MoS2 (EM). 100 mg of MoS2 bulk powder (purchased from Sigma-

Aldrich) was first immersed in 100 mL of methanol (purchased from Sigma-Aldrich). Then 

exfoliation was achieved by sonicating the dispersion in an ultrasonic bath continuously for 1 hr 
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and then probe-sonicated for another 1 hr. The bath temperature during sonication was kept below 

277 K by keeping the sample in an ice water bath. The top two-thirds of the exfoliated MoS2 were 

collected for further experiments. 

Synthesis of MoS2@ZIF8 (MZ). Zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O), 2.47 mmol) was 

first added to the exfoliated MoS2 methanolic solution (25 mL). Next, the resulting solution was 

added to 25 mL of 2-methylimidazole (19.85 mmol) and kept at room temperature stirring for 12 

hrs. Last, the dispersion was centrifuged at 10,000 rpm for 5 min three times and vacuum dried to 

obtain MZ. 

 

6.2.2 Material characterization 

A Hitachi S-4800 scanning electron microscope (SEM) was used for structural and elemental 

characterization of the as-prepared samples. The X-ray powder diffraction (XRD) analyses were 

conducted on a Bruker D8 Discover X-ray diffractometer equipped with a scintillation counter and 

Cu k-alpha radiation (0.15418 nm) reflection mode. Raman spectroscopy was conducted with a 

Renishaw Raman microscope (Brucker RFS 100/S spectrometer) with an excitation wavelength 

of 1,064 nm at an input power of 1 mW. X-ray photoelectron spectroscopy (XPS) spectra were 

obtained using a Perkin Elemer PHI 5440 ESCA System with monochromatic Al Kα radiation as 

the X-ray source and the C1s peak at 285 eV as an internal standard. The specific surface area was 

obtained using ASAP2020 (Micromeritics, U.S.A) Brunauer-Emmett-Teller (BET) nitrogen 

adsorption-desorption. The N2 adsorption-desorption measurements were carried out at 77 K using 

a Quantachrome Autosorb gas-sorption system. The samples were degassed at 200 ℃ for 2 hours 

before the measurements. The specific surface area of samples is calculated by the Brunaur-

Emmett-Teller (BET) method.  
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6.2.3 Photocatalytic hydrogen production measurements 

The schematic of the photocatalytic reaction system is illustrated in Fig. 6.1. Compressed N2 was 

used as the carrier gas for examining the performance of H2 production. The carrier gas regulated 

by two mass flow controllers passed through a bubbler containing de-ionized water to generate a 

water vapor mixture. Estimated from the saturation vapor pressure-temperature profile, the volume 

fraction of H2O in the gas mixture at 20 ˚C was calculated to be 2.2%, which balanced with the 

carrier gas. The gas mixture was then introduced into a photoreactor. 25 mg powder catalysts were 

dispersed on a glass fiber filter and placed in the middle of the tube reactor. A Xe lamp (AM 1.5 

G and 100 mW cm-2) with an incident direction normal to the surface of the sample was used as 

the photo-excitation source. Before the illumination, the reactor was purged with the carrier gas at 

a flow rate of 200 ml/min for 1 hr. and then at 2 ml/min for 1 hr. During the illumination, the 

carrier gas flow rate was maintained at 2 ml/min and the sample of effluent gas was taken every 

15 min by an automated valve for gas chromatography (GC, Agilent 7890A). The GC in this study 

was equipped with a thermal conductivity detector (TCD). 

 

Fig. 6.1 The schematic of the photocatalytic reaction system. 
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6.3 Results and discussion 

The exfoliated MoS2@ZIF-8 (denoted as MZ) was synthesized by a two-step method. First, the 

exfoliated MoS2 (denoted as EM) was achieved by sonicating the MoS2/methanol dispersion in an 

ultrasonic bath. Next, the EM was added in the process of preparing ZIF-8 to obtain MZ. 

Morphology of as-prepared MZ was characterized by SEM and EDS analyses. Fig. 6.2a and 6.2 b 

show that the MZ is composed of irregular agglomerates with the particle size ranging from 10 to 

30 µm. Fig. 6.2c and 6.2d are the EDS elemental mapping results of MZ for Zn, C, N, Mo and S 

elements. The Zn, C, N elements are well dispersed in MZ particles and Mo, S elements are clearly 

encapsulated in the ZIF-8 shell.136 From the elemental distribution results of O element, it can be 

seen that ZnO rarely exists in the MZ without further calcination process. 
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Fig. 6.2 a-b) SEM images, c-d) EDS elemental mappings of the MZ with a copper foil 

background.  

 

XRD analysis was carried out to study the crystal structure of MZ, EM, and ZIF-8 as a comparison. 

In Fig. 6.3a, all the peaks in the XRD pattern of MZ can be attributed to ZIF-8 and MoS2. The 

diffraction peaks (2θ) at 14.4°, 32.7°, 33.5°, 35.8°, 39.5°, 44.1°, 49.7°, and 58.3° correspond to the 

(002), (100), (101), (102), (103), (006), (105), and (110) crystal planes of 2H-MoS2 (PDF#37-

1742), respectively.301 The diffraction peaks (2θ) at 10.4°,12.7°, 14.7°, 16.4°, and 18.1° correspond 

to the (011), (002), (112), (022), (013), and (222) crystal planes of ZIF-8, respectively.302 Fig. 6.3b 

a c 

d 

C N O 

Zn Mo S 

b 
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and 6.3c show the nitrogen gas adsorption and desorption isotherms of the MZ and ZIF-8, 

respectively. The BET surface area of ZIF-8 is as high as 1,313.8 m2/g while the BET surface area 

of MZ reduces to 955.3 m2/g, but similarities were observed in the surface pore characteristics of 

the as-synthesized samples. Both curves of the prepared samples can be classified as Type I 

isotherm characteristics that reveal their microporous nature. However, the behavior of the 

isotherms for values of P/P0 larger than 0.85 changes to Type IV, which suggests the existence of 

large pores due to intra-aggregate voids.303 The specific surface areas and average pore diameters 

of the as-prepared materials were analyzed based on nitrogen adsorption and desorption 

measurements (Table 6.1). XPS analysis was carried out to investigate the chemical states and 

surface chemical compositions of MZ (Fig. 6.3). The XPS spectra of N 1s, O1s, Zn 2p, and the 

simulation results of their decomposition peaks are presented in Fig. 6.3d-f, respectively. For the 

N 1s spectra, the peak appear at 398.8 eV corresponds to the sp2-hybridized nitrogen (C=N-C) 

group.304 The N 1s and C 1s peaks could be attributed to the presence of ZIF-8 that was synthesized 

by 2-methylimidazole.305 The Zn 2p1/2 and Zn 2p3/2 peaks (Fig. 6.3f) at binding energies of 1,045.5 

and 1,022.1 eV are in good agreement with of Zn2+, which means that the Zn element mainly exists 

in the Zn2+ state. The main peak in the O 1s region at 530.3 eV is assigned to carbonates (Fig. 

6.3f).306  
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Fig. 6.3 a) Representative XRD patterns of the as-prepared samples; b) N2 adsorption-desorption 

isotherms and c) Pore size distribution of MZ and ZIF-8; XPS spectrum of d) N1s, e) O1s and f) 

Zn 2p of MZ. 
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Table 6.1 Surface properties of ZIF-8 and as-synthesized MZ 

 

 

 

 

Generally, bulk MoS2 (band gap of 1.2 eV) is unsuitable for photocatalytic applications due to its 

insufficient reduction and oxidation ability for the activation of the photocatalytic reaction as 

shown in Fig. 6.4a. Nonetheless, exfoliated MoS2 exhibits a direct band gap of 1.89~3.96 eV 

resulting from quantum confinement. In Huang et al.’s work, monolayer MQDs were prepared via 

a hydrothermal method and exhibit a 3.96 eV of direct band gap compared with monolayer MoS2 

NSs (1.89 eV).307 By using scanning tunnelling microscopy (STM), another study reported CVD- 

prepared single-layer MoS2 possesses a band gap of 2.40 eV.308 Based on the self-consistent GW0 

(scGW0) calculations, Shi et al. predicted that the quasiparticle (QP) band structures of monolayer 

MoS2 exhibit a direct band gap energy of 2.80 eV.309 This offers the exfoliated MoS2 with 

appropriate band positions to retain good visible-light absorption ability. As a result, the exfoliated 

MoS2 is considered to be a promising candidate for photocatalytic applications. The optical 

absorption of ZIF-8, EM and MZ was investigated by UV-Vis absorption spectra (Fig. 6.4). The 

absorption edge for ZIF-8 (Fig. 6.4a) at ~250 nm without significant absorption in the visible light 

region suggests a band gap of 5.15 eV. The absorption edge of EM (Fig. 6.4b) is at ~390 nm 

showing limited visible light absorption ability with the band gap of 2.84 eV. However, for EM 

(band gap of 3.41 eV), the absorption edge appears at ~ 415 nm (Fig. 6.4c), which indicates EM 

is active in the visible light region. The possible mechanism is illustrated in Fig. 6.4d. The 

photocatalytic activity of MZ was investigated by monitoring visible light photocatalytic hydrogen 

evolution with a Xe lamp irradiation (AM 1.5 G and 100 mW cm-2). The hydrogen evolution rate 

Sample BET Surface 

Area (m²/g) 

BJH desorption average 

pore diameter (Å) 

Total pore volume (cm3/g) 

ZIF-8 1,313.8 139.0 1.14 

MZ 955.3 127.2 0.74 
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for the reported ZIF-8 is 0.01 µmol h-1g-1 and no activity is shown for bulk MoS2. As shown in 

Fig. 6.4e, with the coexistence of EM, MZ gives an improved average hydrogen evolution rate of 

29.9 µmol h-1g-1. 

 

 

 

Fig. 6.4 UV-vis absorption spectra and Tauc’s plot (inset) for band gap energy determination of 

(a) ZIF-8, (b) EM, and (c) MZ; d) Schematic illustration of the energy band structure of the as-

prepared samples; e) Photocatalytic hydrogen production rate collected for MZ. 
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6.4 Summary and conclusions 

In summary, a facile and effective method was demonstrated to synthesize exfoliated MoS2@ZIF-

8 hybrids with improved photocatalytic activity in hydrogen production. Encapsulating exfoliated 

MoS2 into ZIF-8 could maintain the desired porous structural characteristics of MOFs and large 

specific surface area (955.3 m2/g for MZ) that are critical for photocatalysis. The obtained hybrid 

photocatalyst exhibits enhanced absorption (~ 415 nm) in visible light range compared with pure 

ZIF-8 (~ 250 nm). As a result, as-prepared MoS2@ZIF-8 hybrids possess more desirable band gap 

structure (3.41 eV) than ZIF-8 (5.15 eV), which leads to an enhanced efficiency for photocatalysis. 

In comparison with the pristine ZIF-8, the MZ exhibits substantially higher photocatalytic activity 

for hydrogen production at 29.9 µmol h-1g-1 under visible-light irradiation. The improved 

photocatalytic performance can be attributed to the larger specific surface area, suitable band 

structure and improved visible light-harvesting ability as a result of the hybrid structure. 
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CHAPTER 7 SUMMARY AND FUTURE WORK 

 

7.1 Summary  

In summary, TMOs and TMDs are promising materials in various applications due to their unique 

structures and properties. In particular, TiO2 as one of the TMOs has multiple advantages in 

photocatalysis applications, such as structural stability, abundance, environmental-friendliness, 

and low-cost. However, the photocatalytic performance of TiO2 is limited since its relatively wide 

band gap makes it less efficient for harvesting solar energy. Modifying TiO2 with a suitable dopant 

not only changes the mechanism and kinetics under UV irradiation but also introduces more 

visible-light activity that is absent with pure TiO2. The resulting Ti3+-doped TiO2 with tunable 

photocatalytic properties synthesized using a hydrothermal method with varying amounts of 

reductant was proven to enhance visible light absorption, narrowing the band gap and improving 

the photocatalytic activity.  

 

Cobalt sulfide-based nanostructures as one of the TMDs are ideal materials for supercapacitor 

electrodes due to their high specific surface area, conductivity, and redox active structures. 

Nevertheless, CoSx materials still suffer from relatively low specific capacitances, degradation of 

performance over long cycling duration, and tedious synthesis and assembly methods. Vertically-

aligned metallic CoS2 NWs were synthesized directly on carbon cloth or graphite disc current 

collectors with an open structure, which leads to a large accessible surface area and resists 

aggregation of the active material. Vertically-aligned metallic CoS2 NWs exhibited promising 

performance in supercapacitors, which is among the best reported for CoSx-based active materials.  
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Both TMOs and TMDs are promising candidates for platinum-free electrocatalysts in renewable 

energy applications. In order to combine the advantages of TMOs and TMDs, an aerosol 

processing method was developed for the facile and green synthesis of reduced graphene oxide 

(rGO)/tungsten disulfide (WS2)/tungsten trioxide (WO3) ternary nanohybrids. The resulting hybrid 

catalysts show one of the highest catalytic activities in HER compared with reported MoS2/WS2-

based electrocatalysts. The environmentally-friendly synthesis and outstanding performance 

suggest a great potential of TMO and TMD hybrids for noble metal-free electrocatalysts in water 

splitting. 

 

TMDs QDs have emerged as promising candidates for renewable energy applications due to their 

unique structure and optoelectronic properties. An exfoliated mesoporous MoS2 QDs-graphite 

composite structure was prepared as a promising anode material for LIBs/PIBs owing to its higher 

theoretical capacity and better rate capability compared with the commercial graphite anode. In 

the composite structure, MoS2 QDs can be located in the void spaces between graphite particles, 

thereby improving the specific capacity of LIBs/PIBs and relieving volume expansion of 

nanoparticles to meet the urgent need of reliable energy storage applications. 

 

MOFs especially ZIF-8 have received great attention in energy storage, catalysis and sensing due 

to their high specific surface area, large pore volume, and excellent chemical stability. But its 

application as photocatalysts has not been adequately studied. Exfoliated MoS2 exhibits a suitable 

band gap resulting from quantum confinement, which makes it a promising candidate for 

photocatalytic applications compared with the bulk MoS2. Encapsulating exfoliated MoS2 into 

ZIF-8 can lead to a promising visible light active photocatalyst for the application of hydrogen 



www.manaraa.com

121 
 

production due to the larger specific surface area, suitable band structure and improved light-

harvesting ability as a result of the hybrid structure. 

 

7.2 Future work 

Previous studies have demonstrated the promising performance of TMOs, TMDs and their hybrids 

in energy conversion and storage applications. To better understand the mechanism of the MoS2 

QDs for applications in PIBs, further characterization and analysis for MoS2 QDs and their 

improved electrochemical performance are warranted; Exfoliated MoS2@ZIF-8 hybrids for 

photocatalytic hydrogen production still need further understanding and exploration. Therefore, 

future studies can be summarized into the following two tasks. 

 

7.2.1 MQDs for potassium-ion batteries 

To further explore the electrochemical properties of MQDs as the active material for PIBs. The 

cyclic voltammetry (CV) of the as-prepared anode should be measured on an electrochemical 

station using a three-electrode cell, with the MQDs as the working electrode, a potassium disk as 

the counter electrode, and a potassium ring as the reference electrode. Finally, Electrochemical 

impedance spectroscopy (EIS) needs to be performed between 10,000-0.1 Hz with an amplitude 

of 10 mV to examine the intrinsic electrochemical properties of MQDs-PIBs.  

 

7.2.2 Photocatalytic hydrogen evolution studies 

To improve the photocatalytic hydrogen production by exfoliated MoS2@ZIF-8 hybrids, both 

materials aspect and the testing system aspect could be enhanced through the future work. For the 

materials aspect, ZnO is proved to accelerate the photocatalytic efficiency in the ZIF system but 
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only trace amount of ZnO can be found now without further annealing process. Thus, the annealing 

temperature and environment need to be explored. For example, the previous study showed that 

the structure and morphology of ZIF-8 were maintained when the calcination temperature was less 

than 500 °C. However, ZIF-8 began to decompose and the ZnO@C was formed when the 

temperature reached 600°C.310 And another study showed that Ag+ can break coordinative bonds 

and create a hydroxyl-rich environment to transform Zn2+ into ZnO to narrow the band gap and 

slow its electron-hole pair recombination.311 Besides, WS2 NSs are anticipated to be active 

photocatalysts with a low rate of recombination and narrow bandgap either under the visible or 

under NIR irradiation. Therefore, WS2@ZIF-8 holds interesting potential for the application of 

photocatalytic hydrogen evolution.312 For the testing system of the photocatalytic hydrogen 

evolution, most of the photocatalysis was conducted in the liquid interface, which means many 

sacrificial agents could be chosen such as TEOA, glycerol, Na2SO3, and H2C2O4.
313-315 On the 

contrary, limited choice of sacrificial agents is available for the gas interface system such as 

methanol. Furthermore, the liquid interface system is more favorable because potential 

electrochemical measurements for the photocatalysis are easier to realize. 
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