


 

 

ABSTRACT 

Synthesis, Electrocatalytic Properties, and Physical 
Phenomena of Group V Transition Metal Dichalcogenide 

Nanostructures 

by 

Ken Patrick Wolfgang Hackenberg 

2D van der Waals solids (vdW) have received attention for decades, due 

to their unique anisotropic mechanical character, making them useful in 

applications such as lubricants and pencils. But their anisotropy is not limited 

only to mechanical properties; rather it extends by default to all physical 

properties, making vdW solids interesting candidates for applications in fields as 

varied as catalysis and electronics. Here, we explore nanostructures of group V 

transition metal dichalcogenides (TMDs), a family of vdW solids, NbS2 and TaS2. 

We develop new high-yield vapor-phase bottom-up synthetic routes for 

nanosheet and nanotube variants. Furthermore, we discover their anisotropy-

resulting self-optimizing behavior as hydrogen evolution catalysts, opening a new 

area of research.  

 



 

 

“But I am not afraid to consider the final question as to whether, ultimately—in the 

great future—we can arrange the atoms the way we want; the very atoms, all the 

way down! What would happen if we could arrange the atoms one by one the 

way we want them?...What could we do with layered structures with just the right 

layers? What would the properties of materials be if we could really arrange the 

atoms the way we want them?...I can’t see exactly what would happen, but I can 

hardly doubt that when we have some control of the arrangement of things on a 

small scale, we will get an enormously greater range of possible properties that 

substances can have, and of different things that we can do.” 

-Richard P. Feynman, There is Plenty of Room at the Bottom (APS 

Meeting 1959) 
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Chapter 1 

 Introduction and background 

 

 Scope of this thesis 1.1.

This thesis covers an exploration of group V TMDs, including their 

synthesis, unique nanostructures, and applications. The synthesis portion 

covers vapor phase reactions and the equipment used to perform these. The 

effects of growth parameters on structure and/or properties are discussed, as 

well as the mechanisms by which these are found to grow. The primary 

application of TMDs discussed in this thesis is for water splitting via the 

hydrogen evolution reaction, for which group V TMDs are found to be 

excellent catalysts. In the third chapter of this thesis, the synthesis and 

characterization of a new allotrope of NbS2 is discussed, which has been 



 2 

previously theorized and experimentally observed, but never before been 

synthesized in a high yield. 

 Layered materials 1.2.

Layered materials have received attention for decades due to their unique 

anisotropic character. This anisotropy has made them commercially useful 

applications such as lubricants and pencils. These applications might seem 

insignificant but are actually possible because of their fundamental properties. 

Layered materials can be defined as materials in which bonds in 2-dimensions 

are covalent (strong), and bonds in the 3rd dimension are weak (typically van der 

Waals). The weak bonds in the third dimension are precisely what make these 

materials so interesting as lubricants or pencils—planes of atoms can easily slide 

past one another. These can be seen as slip planes with very low bonding 

energy, so very low resistance to slip. 

This anisotropy is not limited to mechanical properties but can extend by 

default to all physical properties. For instance, electrical and thermal conductivity 

are typically much higher in-plane than out-of-plane. For electrical conductivity 

this can be best described by correlating bond strength to electron cloud overlap. 

Strong in-plane bonds cause atoms to sit closer to each other, which increases 

electron clouds of neighboring atoms overlap. For thermal conductivity on the 

other hand there are 2 main contributing factors. The first is also electron cloud 

overlap, as electrons can conduct heat. The prime demonstration is that electrical 
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conductors are excellent thermal conductors—for example metals. The second 

comes back to the fundamentals that strong atomic bonds correlate to high 

phonon frequencies, which correlate to high thermal conductivity. The best 

demonstration of this is that diamond is an excellent thermal conductor, even 

though it does not conduct electrons. 

Furthermore, it becomes interesting that properties of individual layers 

depend on their surroundings. This was first demonstrated (Lieth & Terhell) 

through the intercalation of compounds to weaken layer interactions. For 

example, by intercalating compounds with atoms in between layers, layer 

distances can be increased. Increasing the layer spacing changes layer-to-layer 

interactions, which has been shown to have a variety effects on bulk properties. 

(Cao; H. Zeng, Dai, Yao, Xiao, & Cui)  Layered materials can be intercalated with 

dopants that increase or decrease layer-to-layer interactions (Benavente, Santa 

Ana, Mendizabal, & Gonzalez; Coleman; Cunningham; Golub, Zubavichus, 

Slovokhotov, & Novikov; Hernandez; Lieth & Terhell; May, Khan, Hughes, & 

Coleman; O'Neill, Khan, & Coleman; Py & Haering; Smith; Z. Zeng; Z. Y. Zeng; 

Zhi, Bando, Tang, Kuwahara, & Goldberg; K. G. Zhou, Mao, Wang, Peng, & 

Zhang) 

When graphene is isolated into a monolayer, by physically separating 

layers with scotch tape repeatedly until reaching a single layer, an entire new 

material with new properties emerges.(Castro Neto, Guinea, Peres, Novoselov, & 

Geim, 2009; Castro Neto & Novoselov, 2011; Ferrari et al., 2006; Meyer, Geim, 
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Katnelson, Novoselov, & Roth, 2006; Novoselov, 2004) (Castellanos-Gomez) (J. 

Feng, 2012) (X. Li, Wang, Zhang, Lee, & Dai, 2008; Matte, 2010) By transferring 

this layer to a substrate of Si/SiO2 (300nm), a monolayer can be visually seen, 

due to a contrast caused by multiple reflection interactions. (H. Li) The authors 

continued to characterize this isolated layer, and have opened up a large 

research area into monolayers of layered materials. As expected, the properties 

of layers change depending on their interaction with their surrounding (or 

neighboring layers). But beyond expectations, properties in graphene are 

completely different from their graphite parent. Carriers in graphene have 

extremely high mobility and a zero-gap band-structure. The limitation however, is 

that if one creates band-gap in graphene by functionalization, the high mobility is 

lost.(Loh, Bao, Eda, & Chhowalla) More recently, this interest has spread to other 

layered materials as summarized in this table. (Cao; Mak, Lee, Hone, Shan, & 

Heinz; Splendiani; Q. H. Wang, Kalantar-Zadeh, Kis, Coleman, & Strano; H. 

Zeng et al.)     

Material Electrical 
character 

Mobility Band-gap 

Graphene Conductor high - 
h-BN Insulator - >5eV 
MoS2 Semi-conductor low ~1.9eV 

Group V TMDC Conductor - - 

Table 1.2.1: Properties of common vdW solids. (Eda)  

It can be seen in table 1 that vdW solids exist in a variety of compositions 

that have a wide range of properties allowing tuning via alloys or heterostructures 
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of these. (Mak, He, Shan, & Heinz) (Eda et al.) This table only shows a small 

portion of the discovered vdW solids. A great review text with more details can be 

found written by Chowwala et al. (Chhowalla et al.) 

 Transition metal dichalcogenides (TMDs) 1.3.

Layered transition metal dichalcogenides are a family of van der Waals 

solids that can be described by the formula MX2, where M is a transition metal, 

and X is a chalcogen (S, Se, Te). (Bertolazzi, Brivio, & Kis) This thesis focuses 

specifically on the group V transition metal TMDs, which includes the metals 

tantalum and niobium. Layered transition metal dichalcogenides assemble into 

2D layers that are covalently bonded in-plane, and van der Waals bonded out of 

plane, thus van der Waals solids. More specifically, each plane consists of a X-

M-X sandwich, where a plane of transition metal is packed between 2 planes of a 

chalcogen. 

MoS2 and WS2 are the most well studied TMDs, and it shows interesting 

effects and applications due to its direct band-gap in the monolayer case. 

(Bissessur, Heising, & Hirpo) (Frindt & Yoffe) (Tongay; Xiao, Liu, Feng, Xu, & 

Yao; Zhao) They have been made into transistors or other 

devices.(Radisavljevic, Radenovic, Brivio, Giacometti, & Kis; Radisavljevic, 

Whitwick, & Kis; Y. Zhang, Ye, Matsuhashi, & Iwasa) (L. Liu, Kumar, Ouyang, & 

Gou) (Kaasbjerg, Thygesen, & Jacobsen) (H. S. Lee) (Late, Liu, Matte, Dravid, & 

Rao) (Fang) (H. Wang) (Pu) (S. H. Lee) This electronic character also makes 
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them suitable as a catalyst for a variety of reactions.(Bonde, Moses, Jaramillo, 

Norskov, & Chorkendorff; J. Greeley; Jeff Greeley, Jaramillo, Bonde, 

Chorkendorff, & Norskov; T. F. Jaramillo; Lauritsen; Laursen, Kegnaes, Dahla, & 

Chorkendorff; T. Li & Galli; Y. Li; Merki; Merki, Vrubel, Rovelli, Fierro, & Hu; 

Norskov; Norskov, Bligaard, Rossmeisl, & Christensen; Salmeron, Somorjai, & 

Chianelli, 1983) (Y. H. Chang; Karunadasa; Wilcoxon & Samara; Xiang, Yu, & 

Jaroniec; W. J. Zhou) And they have even been used as electrodes in 

batteries.(Haering, Stiles, & Brandt) (Bhandavat, David, & Singh; K. Chang & 

Chen) (K. Chang & Chen; Ding, Chen, & Lou; Ding, Zhang, Chen, & Lou; C. Q. 

Feng; C. Zhang, Wang, Guo, & Lou; C. Zhang, Wu, Guo, & Lou). 

The structure of the packing of the atoms within a plane has 2 types of 

coordinations. One interesting implication for the field of 2D layers is that 3R and 

2H phases share the same individual layers.(Wilson & Yoffe) Thus, if monolayers 

are synthesized, 3R and 2H phases are identical and interchangeable. Some 

recent papers have started referring to individual 2H-phase layers simply as H-

phase. 
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Figure 1.3.1: TMD properties by group. Adapted from: (Chhowalla et al.; Q. 
H. Wang et al.). 

Since layered transition metal dichalcogenides are a family of materials, it is 

useful to look at trends within this family to fully understand their properties. 

 Crystal structures of TMDs 1.4.

There are several polytypes that are distinguished by coordination 

geometry of the tantalum atom by sulfur atoms (octahedral or trigonal prismatic) 

and the stacking of the layers. The most common structures are 2H-TaS2 and 
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1T-TaS2.(Ganal, Olberding, & Butz) These structures have widely differing 

physiochemical properties. In contrast, group VI TMDCs are mainly found in a 2H 

form due to more covalent (less ionic) bond character, resulting in a smaller 

chalcogen.(Lieth & Terhell) 

          

2H-TaS2  1T-TaS2 

Figure 1.4.1: 2H and 1T TMD polytype unit cells. 

 TaS2 1.5.

TaS2 can be classified as a transition metal dichalcogenide, a category 

that shares anisotropic bonding, in which each layer is covalently bonded in-

plane, and connected by van der Waals forces out-of-plane. The weak bonding 

out of plane leads to the term layered-material, in which monomolecular layers 

can be isolated from the bulk.  

The 1T phase can be characterized by a strong temperature dependence 
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on resistivity due to formation of charge-density-wave phases.(Sipos, 2008 j.a. 

wilson) (Gordon, Yang, Crozier, Jiang, & Frindt) (Wilson, Di Salvo, & Mahajan) 

Below 190K, 1T-TaS2 adopts a completely commensurate CDW defined by PLD 

in so-called “David-star” geometry. If the 1T-TaS2 is laden with defects, the 

CDWs do not form, and the material becomes superconducting below 2.5K. (Kuc, 

Zibouche, & Heine) First-order transitions of resistivity with temperature are 

promising for THz modulators, where transmission depends on DC conductivity. 

Figure 1.5.1 shows the resistivity with temperature, where the sharp transitions 

indicate a first-order transition to different superstructures. 

 

 

 

Figure 1.5.1: Resistivity vs. Temperature for 1T- and 2H-TaS2. Adapted 
from: (L. Li et al.). 

The 2H polytype on the other hand forms a CDW phase only below 75K 

and becomes superconducting below 0.8K.  
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 NbS2 1.6.

NbS2 is also a transition metal dichalcogenide, with a structure analogous 

to TaS2. Several properties of NbS2 are very similar to TaS2, which can be 

explained by the previously discussed electronic character dependence on orbital 

overlap, which depends on the group of the transition metal. Specifically, NbS2 is 

metallic at ambient temperature and pressure in both 2H and 1T polytypes. At a 

wider range of temperatures and pressures, NbS2 deviates in properties from 

TaS2. NbS2 shows superconductivity at TC ~5.7K (Guillamón et al.). NbS2 also 

has not been reported to showing a CDW transition. 

 Synthesis methods of TMDs 1.7.

Synthesis of thin TMDs can be divided into 2 categories. One is top-down, 

where layers are isolated from bulk material.(Joensen, Frindt, & Morrison) For 

example one layer is peeled off of a bulk multi-layer crystal. The other approach 

is bottom-up, where layers are grown directly from molecular or atomic 

precursors. For example, a vapor phase reaction results in a self-limiting growth 

where a single layer is synthesized from gas phase precursors.(X. Li) (Bae) (Lee; 

H. S. Lee; K. K. Liu; Shi; Y. Zhan, Z. Liu, S. Najmaei, P. M. Ajayan, & J. Lou) For 

the top-down case, there are several methods to isolate 2D monomolecular 

layers from bulk TMD crystals. A common scalable method is the intercalation-

exfoliation with butyl-Lithium. MoS2 has been exfoliated into single-molecular-
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layers as early as 1986 by P. Joensen et al. (Joensen et al.) (Dines) Figure below 

shows a schematic of this process. First a layered crystal is introduced to butyl-

Lithium until the Li+ ions intercalate between layers. The bulky butyl- group 

cannot intercalate due to its size. Then the crystal is removed and reacted with 

water, causing the rapid formation of hydrogen gas locally between layers at the 

position of the lithium ion.  

Lithium reacts with water in the following reaction: 

2!"! + 2!!! → 2!"#$ + !! 

The key of this reaction that allows the exfoliation is that the hydrogen 

product is a gas. The pressure from the rapid expansion of the gas causes the 

separation of layers. 

  

Figure 1.7.1: Schematic of the process of lithium intercalation-exfoliation of 
2D van der Waals solids. 
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Other techniques to isolate layers include bottom-up approaches in which 

layers are produced from directly from molecular precursors, such as in the CVD 

of single layer MoS2 (Yongjie Zhan, Zheng Liu, Sina Najmaei, Pulickel M. Ajayan, 

& Jun Lou), or the top-down mechanical exfoliation via Scotch tape such as in the 

discovery of stable graphene.(Geim) The CVD method is a main subject of this 

thesis, and will be discussed in detail in later sections. A variety of additional 

literature on CVD synthesis of these materials can be found from these authors: 

(Boscher, Blackman, Carmalt, Parkin, & Prieto; Boscher, Carmalt, Palgrave, Gil-

Tomas, & Parkin; Boscher, Carmalt, & Parkin; Carmalt, Parkin, & Peters; 

Ennaoui, Fiechter, Ellmer, Scheer, & Diesner; Genut, Margulis, Tenne, & Hodes; 

Jager-waldau, Lux-steiner, Jager-waldau, Burkhardt, & Bucher; Lauritsen; Lin; 

Tuxen) 

1.7.1. Tools for the synthesis and characterization of TMD 

nanomaterials 

Much of the advances in the physical sciences can be attributed to the 

tools available. Single atom transistors are only possible if single atoms can be 

observed and depositing oxide layers with atomic precision is only possible with 

tools that create ultra-high vacuum. The challenge is the high cost of cutting-edge 

tooling, and in fact if you look at synthesis laboratories from 20 years ago, much 

of the tooling is still the same, and that limits what is possible. Advanced 

equipment such as photolithography tools, deposition tools, and tools that push 

the boundaries in both directions of temperature and pressure are costly to 
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acquire, maintain, and oftentimes need a support structure of even more 

expensive tools, such as cleanrooms and vibration isolation stages. 

Most of my experiments occur in the vapor phase at temperatures 

between 400 and 1000ºC, at ambient pressure. A common laboratory setup to 

achieve these conditions is a gas-fed tube furnace, with one or more heating 

zones for precursors and products. 

1.7.1.1. Chemical vapor deposition setup 

Standard laboratory-ware is designed around liquid and/or solid state 

chemistry. Beakers, pipettes and graduated cylinders are used to mix, measure, 

and transfer chemicals. In my work, I focus on vapor or gas-phase chemistry. 

Vapor is conventionally used for materials that are solid or liquid at room 

temperature, but in the gas phase at elevated phase. Their gas phase is 

sometimes referred to as vapor. Chemicals that are gases at room temperature 

are not referred to as vapors.  My experiments include reacting precursors of 

transition metal chlorides (vapor-phase), sulfur (vapor-phase), and hydrogen 

(gas-phase). 

In order to mix, measure, and transfer chemicals in the vapor phase, tube 

furnaces are popular as economical and customizable equipment. Gas 

precursors are fed into one of the tube, and vapor precursors can either also be 

fed in in the vapor phase, or can be places into the tube as solids, and heated to 

vaporization. Along the horizontal direction of the tube, one can have one or 
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more heated zones, allowing multistep reactions to occur along the direction of 

flow. 

One important parameter for these reactions is to look at the type of flow. 

This can vary from lamellar to turbulent, and will greatly effect the direction and 

speed at which precursors and intermediate products will travel. To determine 

this flow, we can calculate the Prandtl number. 

Ludwig Prandtl, commonly referred to the father of fluid mechanics, has 

left a strong legacy of achievements, notably the discovery of the boundary layer. 

We can attribute many modern luxuries to his inventions, for example, Prandtl 

tubes are standard equipment on all modern airplanes.  

But now that we can characterize the flow type, it is important to discuss 

its impact. By tuning tube diameter and flow rate, we can choose the flow regime 

we are in. In turbulent flow, we can expect mixing and in lamellar flow, we can 

expect less mixing. 

These flows affect not only chemical species in the vapor/gas phase, but 

also temperature distributions.  

1.7.1.2. Tube material selection 

Tube materials are typically quartz for reactions up to 1000ºC, and where 

quartz is chemically resistant to the relevant reaction. At high temperatures, or 

where chemical compatibility becomes an issue, alumina is frequently the 
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material of choice. For my temperature range and chemical system, quartz tubes 

were suitable and good.  

1.7.1.3. Couplings 

One more important piece of hardware to complete a tube-furnace is a gas 

tight connection from the quartz tube to metal gas lines. This task is not trivial, 

and achieving a good seal is frequently a battle for the user. The couplings I used 

have a cross-section such that a vacuum seal can be created in a region 

between the tube wall and the coupling. In this way, if this region is able to hold a 

vacuum, this is a confirmation that a tight seal is created. 

There are 2 sets of O-rings that seal the quartz. In between these, it is 

possible to apply an external vacuum, which provides both good seating of the O-

rings, and a confirmation of a good seal. Since any leak would have to travel 

through the vacuum, a negative pressure on the vacuum gauge guarantees a 

leak free connection.  

Gas feed-through plates are needed that can attach to the KF50 coupling. 

I had these custom made at ODEK at Rice, but they are also available for 

purchase. My feed-through plate ended in stainless steel tube to which I 

connected via Swagelock® fittings. The incoming line carried a custom mixture of 

H2/Ar, premixed in the tank. The Ar does not participate in any reactions as it is 

Noble, and acts as a carrier gas. The H2 is needed as a precursor, as illustrated 

in the aforementioned reactions. The diluted mixture versus pure hydrogen was 
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chosen for safety reasons. Below about 7% concentration, hydrogen no longer 

spontaneously combusts as the heat per volume produced during its combustion 

is not enough to sustain it. At 15% it can still spontaneously combust, but if there 

were a leak it would be closer to the dilution level where it is not longer 

dangerous. 

1.7.1.4. Reaction parameter tuning 

The thermal profiles used for reactions were selected based on available 

knowledge about the process. Given little literature information available about 

these materials, several decisions were based on trial and error, and others were 

based on analogous materials systems. For example, initial reactions were 

attempted based on Ta2O5, similar to MoS2 being synthesized from its oxide 

precursor.  These reactions in some cases resulted in crystal growth and sulfur 

signal was obtained, but after exhausting all possible parameters, it was decided 

that full sulfidization is not thermodynamically achievable within the conditions of 

our equipment. This difficulty can be explained in that a pure phase such as TaS2 

would be unfavorable compared to a mixed phase of TaSxOy. I thus looked at 

other Ta containing materials as precursors. Tantalum itself has a very high 

melting point and showed to be stable against sulfidization. 

1.7.1.5. Chemical vapor transport, direct reaction  

TaS2, NbS2 and other TMDs can be grown by a chemical vapor transport 

method. In detail, stoichiometric amount of elemental precursors are mixed 
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together and sealed in a vial under Argon. They are reacted by heating the 

sealed vial to high temperature, a reaction that can take on the order of weeks to 

months due to the high melting point of the metal relative to the temperature 

where the disulfide is stable. Then they are transferred with a transport agent like 

I2 into a vial kept at a temperature gradient. The I2 can reversibly react with the 

TMD to form a transition metal iodide, which has a much higher vapor pressure 

and will speed up transport. The TMD then migrates from the hotter to the cooler 

region along the gradient temperature tube and grows in the form of well-ordered 

crystals. 

1.7.1.6. Spectroscopy techniques 

Raman spectroscopy is one of the most useful materials characterization 

techniques in use today. Its premise is that compounds have inherent phonon 

frequencies based on their composition and structure, and these phonon 

frequencies can be probed by the compounds interaction with a laser, the result 

of which can be used to identify the compound. The simplicity, versatility, and 

speed are what make this technique so commonly used. 

Modern Raman systems typically include at least an excitation laser, a 

grating, and a CCD. The excitation laser is optically focused onto the sample of 

interest; the reflection is collected and guided through the system, and finally 

spectrally resolved. 
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Additional peaks are observed, spectrally shifted from the reflection of the 

excitation. The shifts are typically symmetrical, but blue- and red- shifted, 

although x is thermodynamically favored. The direction of the shift is divided into 

2 categories, stokes and anti-stokes. Entry-level Raman systems usually have a 

filter and detector only for stokes shifts, as these are much more intense and 

easier to detect. Observing both stokes and anti-stokes shifts is of scientific 

interest in many cases, and can be conveniently used to locally measure the 

temperature, as the probability of the direction a phonon-phonon interaction has 

a dependence on temperature. 

Raman spectroscopy, as well as almost every other modern materials 

characterization technique would not be possible with this simplicity without 

CCDs, the detector that offers spatial resolution to the diffracted beam coming 

from the Raman system. This spatial resolution can be quickly converted to 

spectral resolution. Before CCDs, this data was recorded on photography paper 

and manually measured and the peaks manually converted to spectral 

information. As a matter of fact when I TAed the Junior-level Undergraduate 

Materials Science Lab, one of the courses was on photography—originally 

designed to learn how to use photography paper, how to develop it, and how to 

measure features on it. 

But the importance and value of CCDs cannot be overstated, and 

appropriately so, their invention was rewarded with a Nobel Prize in 2009. 
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Charge-coupled devices (CCDs) are photo-detectors that when arranged 

in 2D arrays allow spatial detection of photon intensity. As such, they have 

become the backbone of detectors in digital photography, photo-detection in 

spectroscopy setups, and several other technologies in our lives. CCDs are able 

to convert photons to electrons by the photoelectric effect. The photoelectric 

effect was first theorized by Albert Einstein in 1905, and later was awarded a 

Nobel Prize in Physics in 1921.1 Then the first CCD was conceived and built by 

William Boyle and George Smith at Bell Labs in 1969, and also awarded a Nobel 

Prize in 2009.2 Seven years after its invention, the first digital camera was made 

with it. The importance of CCDs to much of modern technology from iPhones to 

Raman systems can not be overstated, as indicated by the 2 Nobel Prizes 

awarded for them.  

  

Fig 1.7.1.5.1: Schematic of the photoelectric effect and a CCD. 

The photoelectric effect occurs when light illuminates a material and 

creates e-h pair, the electrons of which migrate to negatively charges regions. In 
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effect the electrons and accompanying charge become displaced to a low energy 

state, and a potential is created. This potential can then be detected with 

electronics. 

Photons collide with the photosensitive semiconductor. The photons 

create e-h pairs of which the electrons are contained in a charge well. The well is 

a low energy state surrounded by higher energy barriers. Over the course of a 

certain exposure time as more and more electrons accumulate in this well for 

later reading. 

A single CCD as shown above does not give any spatial resolution as we 

see in a detector in a digital camera. Rather, a CCD gives information of number 

of electrons accumulated over the exposure time. This can then be converted to 

electron creation intensity, and using the photoelectric efficiency can be 

representative of photon intensity hitting the device. In order to make a 2D image 

of this, a 2D array with many small CCDs, each one making up a pixel in the final 

image, has to be put together. It is important to know that the typical silicon 

based CCDs are sensitive from UV to IR, so without any filters, all photons count, 

not just visible. Furthermore for digital photography, IR filters are added in the 

lens assembly. For night-vision, for example in hunting or spying, this is used to 

an advantage. IR LEDs illuminate the subject, and the CCD is not protected by 

any filters. To human or animal eyes subject then remains “dark”, but to the CCD 

it is illuminated. 
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Figure 1.7.1.5.2 CCDs arranged in a 2D lattice to create spatial 

resolution. 

Because CCDs by themselves cannot distinguish between photons of 

different energies between UV and IR, filters are added to create color images. 

Furthermore, by making some pixels red-sensitive, some green-sensitive, and 

some blue-sensitive, images can include spatially resolved information on 

intensity of red, green, and blue. Mixing proper intensities of red, green, and blue, 

creates color to our eyes. 

 

X 

Y 
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Figure 1.7.1.5.3 Color sensitive CCDs by addition of filters. 

After exposing a 2D CCD for an exposure time, the well accompanying 

each pixel has collected a number of electrons. In order to create information out 

of this charge, it needs to be read and attributed to the proper pixel location. To 

do this there is a 3-step process. First, all of the electron wells are first shifted in 

parallel in one direction, controlled by the parallel shift register clock. Once they 

reach the end the packets of charge are shifted in the other direction along the 

serial shift register using the horizontal shift register clock. Finally the charges 

leave the device as a string of charges and go through an output amplifier, each 

representing the intensity of light that hit a pixel during the exposure time.  

 

 

 

X 

Y 
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Figure 1.7.1.5.4 CCD reading process. 

This information can then be digitized and analyzed or created into a 

digital image. 

Three main types of noise in CCDs are photon noise, dark noise, and read 

noise.  Photon noise is a variation of arrival rate of photons, governed by Poisson 

statistics. It is considered a temporal type of noise, and can be minimized by 

increasing the exposure/collection time over which intensity is averaged. Dark 

noise is caused by thermally activated e-h pairs, and can be minimized by 

cooling the CCD to very cold temperatures. Read noise comes from the 

collection/reading procedure, amplification, and analog-to-digital conversion. 

Equation 1.7.1 below shows the signal-to-noise (SNR) ratio attributed to 

the 3 types of noise. 

  

Equation 1.7.1 SNR ratio  
€ 

SNR =
PQ(e)t

PQ(e)t +Dt + N(r)2
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where P is the incident photon flux, Q(e) is the CCD quantum efficiency, t 

is the integration time, D is the dark current value, and N(r) is the read noise. 

In conventional CCDs, detection is limited at the UV range, because 

higher energy photons continue interacting with silicon after initial e-h excitation, 

and in the process create too much noise (spatial) for resolution of images. 

Recently an electron-multiplying CCD that overcomes this problem has been 

conceived in a theoretical study.6 The design creates a very high sensitivity, 

increasing the SNR sufficiently for creating useful images. At the same time the 

usage life of these detectors is limited, as the materials making up the detector 

will degrade with x-ray bombardment. 

The technological importance of CCDs cannot be overstated, and this is 

evidence by their winning of 2 Nobel Prizes. CCDs make use of the photoelectric 

effect to convert photons into electrons, and can be used to spatially resolve an 

image of photons, and store it as a digital file of electrons. Because they are 

based on silicon technology, their manufacture is affordable and scalable. CCDs 

have become the cornerstone of digital photography from the UV to the IR, 

spatial detectors, and when coupled with gratings or prisms can resolve light 

spectrally, allowing LASER spectroscopy techniques like Raman. Recently, CCD 

useful sensitivity has extended to the x-ray range. 
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1.7.1.7. Electron techniques 

Electron techniques have become the cornerstone of nanostructure 

characterization and imaging. For imaging, it is necessary to look at features 

smaller than the light diffraction limit. This is described by the Abbe equation: 

! = !
2! sin! 

Equation 1.7.2: Abbe equation for the diffraction limit. 

where d is the diffraction limit, λ is the wavelength of the light (or electron 

beam), nsinθ is the numerical aperture, which depends on the refractive index 

and geometry of the imaging medium and optical system, respectively. In any 

case, it can reach a maximum of the refractive index, n. Assuming visible light of 

500nm, a numerical aperture of 1, the diffraction limit would be 250nm, which is 

larger than many nanomaterials, or their features of interest. Thus it’s important 

to consider techniques allowing imaging of smaller features. 

Looking at the equation of the diffraction limit, one can see that if pushing 

the numerical aperture to its limit, the only other way to decrease it would be to 

decrease the wavelength of the light. Electrons are a suitable alternative, as their 

wavelength is roughly 3 orders of magnitude smaller. 

Electron wavelength or more precisely the DeBroglie wavelength of 

electrons is defined as 
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! = ℎ!
!" 

Equation 1.7.3: DeBroglie wavelength. 

where h is Planck’s constant, c the speed of light and pc: 

 

!" ≈ 2×!"×!!!! 

where mO is the rest mass. 

As we achieve a wavelength on the order of 1 nm, the diffraction limit for 

imaging is much more suitable for imaging nanostructures.  

The most commonly used electron imaging technique is SEM, both 

because of its versatility, cost and ease-of-use compared to other electron 

microscopies. 

The sample is imaged in a vacuum chamber, where electrons have a long 

mean free path, and “illuminated” with an electron gun. A detector is then used to 

resolve an image based on backscattered electrons. 

For purposes of nanostructure characterization, SEM can act as both a 

visual inspection (for crystals, their shape indicate the internal structure, and as 

such their shape can be an identifier) and also to look for things like nucleation 

sites, morphology, fractures etc. Some SEMs also have add-ons, a common one 
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being EDS or EDAX, energy-dispersive x-ray spectroscopy. This addition gives 

elemental identification capability and is a convenient addition into an SEM tool, 

as it also requires a vacuum chamber to function properly.
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Chapter 2 

Vapor-synthesis and characterization 
of 2D materials 

 Introduction 2.1.

A majority of my efforts during my PhD have been in the development of 

synthesis of nanostructures of transition metal dichalcogenides. From the 

introduction it can be seen that the synthesis is key for all experimental work 

related to these materials. Many TMD nanostructures such as MoS2 and WS2 

have been extensively explored and their synthesis techniques developed, but 

other TMDs such as TaS2 and NbS2 remain largely unexplored. This chapter 

goes into detail of the synthesis techniques developed, and basic 

characterization of the resulting materials synthesized. Further, it discusses the 
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mechanisms by which these materials are thought to grow into crystals based on 

theory and learning from literature of related systems. 

 Direct reaction 2.2.

TaS2 and NbS2 can be synthesized by direct reaction of their elemental 

components.  

!" + !! → !"!! 

or 

!" + !! → !"!! 

Equation 2.2.1: Reaction mechanism of TMD from direct elemental 
precursors. 

 TaS2 and NbS2 precursors 2.3.

When searching for good pathways to synthesize new materials, several 

selection criteria can be employed. Since thermodynamic data is often 

unavailable for precursors as well as desired products, a choice has to be made 

on what approach to take. Computational predictions can be helpful, but 

oftentimes vary too far from reality to be useful. Experimental trial and error 

approaches are often faster. Deciding the approaches to try can still benefit from 

thorough searches of literature as well as looking at similar related systems. For 
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example, MoS2 can be synthesized from Molybdenum’s oxide, MoO3. That 

information could be used to try synthesizing TaS2 or NbS2 from their respective 

oxide. As a matter of fact, literature reveals one successful example of TaS2 

nanotube synthesis from Ta2O5 nanotubes. The limitation of that approach to 

only a single, and little cited paper limits its credibility. 

Essentially a conversion would look something like this: 

!"!!! + !!! → !"!! + !!! 

Equation 2.3.1: Reaction mechanism of TMD from oxide precursor. 

 

Ta2O5&+&H2&+&S8&!&TaS2&
&

&

!&&E,beam&Ta2O5&&!&

Ar/H2&
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Figure 2.3.1: Thin film synthesis route from oxide precursor. 

Figure 2.3.1 then shows the conceptual synthesis route from an oxide 

precursor. Given its stability and the fact that it cannot evaporate in the limits of 

the furnace, it is pre-deposited onto the substrate. 

A challenge that we faced is the relative stability of the oxide. Partial 

sulfidations seemed to occur on the surface, as indicated by Tantalum and Sulfur 

XPS peaks, but eliminating oxide altogether was not achieved within our reaction 

limits (1200C, 2hr, 15% H2).  

 

Figure 2.3.2: SEM of tantalum oxide film next to a sulfidized tantalum oxide 
film. 
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Figure 2.3.3: Tantalum oxide XPS spectrum 

 

Figure 2.3.4: Converted Ta2O5 spectrum 
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An additional indicator that we cannot see full sulfide is that the Raman peaks of 

the oxide are still present even after reaction. 

 

Figure 2.3.5: Conductivity of the oxy-sulfide shows insulating behavior. 

For vapor phase reactions, physical properties of precursors, in particular 

melting point, boiling point, and vapor pressures at relevant temperatures 

become important.  Sufficient sublimation or evaporation should occur that 

enough precursors can travel to the reaction site, but it should evaporate slowly 

enough so that an even amount can evaporate during the entire reaction time. 

Experiments by Donald Sadoway and Flengas study TaCl5 and NbCl5 

properties, and provide information integral to designing this synthesis strategy. 

(Sadoway et al.) 
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We were able to achieve successful synthesis pathways through TaCl5 

precursors. The additional precursors were sulfur and hydrogen. Both sulfur and 

hydrogen offer an additional benefit in that they starve out any possible oxygen 

leaks in the system. The mechanism through which this occurs is that both SOx 

and H2O is created when sulfur and hydrogen run into oxygen at the reaction 

temperatures. Since both of those products are vapor they don’t remain in the 

system and get pushed out through the exhaust. This eliminates the possibility 

that leaking oxygen would reach the sample and oxidize the TaCl5 precursor. 

The conversion of TaCl5 to TaS2 is a reduction reaction, as Ta in TaCl5 

has an oxidation state of +5 and TaS2 has an oxidation state of +4. This would 

suggest that H2S should be converted to HCl. To achieve this reaction an 

appropriate reaction temperature needs to be chosen. In any vapor phase 

reaction, one condition is that at least one reaction precursor is in the vapor 

phase. For example in the previous section we discussed Ta2O5 conversion to 

TaS2. In that, vapor phase sulfur converts surface oxide in solid state Ta2O5. In 

this setup however, since TaCl5 has a relatively low melting as well as boiling 

point, it’s possible to have all precursors within their vapor phase. This has the 

added benefit of growing crystals from nucleation sites as intentionally provided 

via substrates. Specifically, if one component is solid state, the product has to be 

produced locally at that solid-state component. If all precursors are in the gas 

phase, the product can be produced anywhere where the precursors gases can 

travel. 
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Figure 2.3.4: SEM and optical images of as-grown TaS2 crystals.  

 Vapor-phase synthesis of NbS2 from NbCl5 precursors 2.4.

Similar crystals to TaS2 can be grown following analogous synthesis 

routes. But one of the ultimate goals is to grow monolayers of these crystals. In 

one specific growth condition this was likely achieved, but unfortunately never 

possible to be reproduced. 

60#μm# 200#μm# 60#μm#
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Figure 2.4.1: Theoretical band-structure of monolayer NbS2. Adapted from 
(Pribulova) and (Terrones & Terrones)  

The band-structure of NbS2 is expected to shift in such a way when 

material is in an isolated layer that it would open a band-gap, and monolayer 

NbS2 is a semiconductor (Fig. 2.5.1). Exploring this new physical property was a 

motivation to synthesize monolayers. One growth as shown in figure 2.5.2 

resulted in what looks like monolayer NbS2, but unfortunately was not possible to 

reproduce. 

Z.#Pribulova#et#al.#h0p://arxiv.org/
pdf/1104.3670.pdf#

H#Terrones#et#al.#2D#
Materials#1#(2014)#011003#
#
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Figure 2.4.2: Monolayer-like crystals of NbS2. 

 Vapor-phase synthesis of TaS2 from TaCl5 precursors 2.5.

2H-TaS2 platelets were synthesized from TaCl5, S8 and H2 precursors in a 

two-zone CVD furnace. A mixture of Ar/H2 was flowed at 50 SCCM in the 

direction from solid precursors to substrate. In the first zone sulfur and TaCl5 

were sublimated/evaporated at ~250Cº, while growth substrates were held in the 

second zone between 500~750ºC. Growth lasted for about 10 minutes followed 

~3nm%



 38 
 

by cooling down of the system under only Ar flow. Substrates were removed and 

found covered in TaS2 nanoplates. Size of plates had a strong dependence of 

zone 2 temperatures, with higher temperature yielding larger plates. Figures 

2.5.1-2.5.3 outline the basic characterization of as-grown materials. 

 

Figure 2.5.1: SEM of TaS2 synthesized at various temperatures. 

  

Figure 2.5.2: XRD spectrum and EDX spectrum of vapor grown TaS2. 
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Figure 2.5.3: HRTEM of as-grown TaS2 crystals with 2H crystal structure 
schematic (inset). 

Within the initial grown conditions, TaS2 crystals grow in the 2H polytype 

structure. XRD show the expected peaks and TEM images align with the 

idealized crystal structure.  

2.5.1. Phase control 

The 1T phase is thermodynamically favored over 2H above ~850ºC and 

vice-versa below 850ºC. Since the synthesis growth of the nanoplates is much 

below 850ºC, the plates are 2H in phase as seen above. To convert to 1T, we 

employ an annealing and quenching procedure of heating the plates to 900ºC for 

1 hour followed by rapid cooling.  
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Figure 2.5.1.1: Raman spectra of 1T- and 2H- TaS2 showing phase control 

We can visually observe a difference in color for 1T (golden) an (T. Hirata, 

2001) 2H (silver) crystals, and Raman spectroscopy confirms our conversion . 

Additionally we note that both 2H and 1T crystals exhibit fluorescence after 

excited by 514 nm laser. 
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2.5.2. TMD flake measurements 

 

Figure 2.5.2.1: Microscope image of TaS2 flake on top of gold contacts and 
corresponding Resistance vs. T measurement. 

Transport measurements of thick cleaved flakes indicate a small transition 

at ~315K which has been seen in literature for the defect rich 1T-TaS2 case (fig 

2), or for a mixture of phases. 

Attempts to measure transport in few-layer TaS2 have either yielded 

insulating behavior attributed to poor contacts, and or has been difficult given the 

sub micron size of flakes. 
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Chapter 3 

Synthesis of NbS2 nanotubes and their 
physical properties 

 Introduction 3.1.

 

Figure 3.1.1: Theoretical structure and band-structure of an NbS2 
nanotube. Adopted from (Seifer). 
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A new high-yield, vapor-phase synthetic pathway for multi-walled NbS2 

nanotubes was developed NbS2 tubes grow in clusters from a common 

nucleation site, and range in diameter from 50~200nm. Nanotubes were 

characterized by SEM, EDX, TEM, and Raman. Tubes were fractured, and 

fracture sites were observed. Raman spectroscopy indicates a tetrahedral 

coordination of niobium by sulfur, as theoretically predicted.  

For decades now, low dimensional 0D, 1D, and 2D materials have been a 

playground for understanding fundamental physics.(Kroto, Heath, O'Brien, Curl, 

& Smalley) (W. Li, Zhang, Guo, & Zhang; Novoselov et al.) The development of 

new low-dimensional materials provides unexplored playgrounds, and different 

combinations of properties that can be interesting for a wide range of 

applications.(Yongjie Zhan et al.) 

1D nanotubes have become an intriguing subject of research since the 

discovery of carbon nanotubes (CNTs). (Ebbesen, 1992) Their properties differ 

widely from all other carbon allotropes. For example, they have an order of 

magnitude higher elastic modulus than steel, can be metallic or semiconducting. 

(Wilder, Venema, Rinzler, Smalley, & Dekker) (Treacy) Like the name indicates, 

their structure is hollow and tube-like. 

Since the discovery of CNTs, 1D nanotubes of a variety of compositions 

besides carbon have been discovered and synthesized, including BN, MoS2, and 

WS2.(Tenne) In the bulk form, these materials all exist in a layered structure. 
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(Chhowalla et al.) The nanotube form can then be described as a layer of the 

bulk that has been rolled up. Depending on the orientation of rolling of the layer 

with respect to its anisotropy, a tube will have a specific chirality. In many cases, 

the chirality will have a strong effect on tube properties. For example, chirality will 

determine whether a CNT is metallic or semiconducting (Wilder et al.) 

NbS2, a layered transition metal dichalcogenide differs from the previously 

mentioned materials in that it is metallic in its bulk form.(Seifer) This remains true 

for both its 3R and 2H polytype. (Chhowalla et al.) Its metallic character arises 

from the extra electron in the orbital of group 5 Nb compared to the orbital of its 

group 4 neighbor, W.(Chhowalla et al.) In some reports, bulk NbS2 was found to 

be superconducting with TC ~5.7K.(Guillamón et al.)  

Further, theoretical predictions have suggested that NbS2 nanotubes of all 

chiralities are metallic with high DOS at the Fermi level, and possibly 

superconducting at higher TC than bulk.(Seifer) In other materials systems, it has 

been seen that the confinement of superconducting materials can lead to an 

increase in TC due to enhanced electron-phonon coupling. (Manashi Nath, Kar, 

Raychaudhuri, & Rao) (Navarro-Moratalla et al.) The observed superconductivity 

in bulk NbS2, and the predicted superconductivity in NbS2 nanotubes makes this 

an exciting system to further the fundamental understanding of superconductivity 

in confined systems. 
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In order to effectively study nanotubes, synthesis techniques that are high 

yield and that result in high quality materials need to be developed. For 

nanotubes, these are typically vapor-phase reactions with one or more 

precursors containing the desired element.(M. Nath, Govindaraj, & Rao, 2001; 

Yongjie Zhan et al.) An additional benefit of vapor-phase synthesis is that is 

offers potential for scalability. High yield and high quality vapor phase synthesis 

methods for C, BN, and MoS2 tubes have been developed, leading to widespread 

efforts in exploring their properties and applications.(Remškar) However, the lack 

of such a method for NbS2 has left the nanotube properties unexplored. 

Here, we show for the first time a high-yield vapor-phase synthesis 

pathway of multi-wall NbS2 nanotubes. We study their growth mechanism, 

investigate their fracture sites, and observe new nanotube-specific RBMs. This 

synthetic technique opens the door for exploration of a wide range of optical and 

electrical phenomena. 

 Synthesis and characterization 3.2.

 

Figure 3.2.1: Schematic of NbS2 nanotube synthesis setup. 
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Figure 3.2.1 shows a schematic of our synthesis setup and precursor 

locations. NbCl5 and S8 powders, and carbon paper substrates are placed into a 

3-zone tube furnace. Mixture of Ar/H2 (85:15) is used to purge air from the 

system, and as a growth atmosphere.  

  The NbCl5 and S8 are heated in zones 1 and 2 which can be 

controlled from 200ºC-350ºC, and the carbon paper is placed in zone 3 which 

can be controlled from 400ºC-700ºC. Optimum NbS2 tube growth were as 

follows: Ar/H2 purge at 200sccm for 20 min, then set to 50sccm flow. Zone 3 

ramped to 500C. When zone 3 reaches 500C, zone 1 is ramped to 300ºC and 

zone 2 is ramped to 300ºC. Growth temperatures are held for 5 min, then all 

heating zones are switched off. Gas flow is maintained until system cools to room 

temperature. 

Samples were observed on substrates as-grown in a JEOL SEM, at 20kV at a 

WD of 7mm. Fractured tubes were created in two ways in order to show both 

failure by compression and by tension. Compression fractured tubes were 

created by pushing the substrate with tubes as-grown against a flat piece of 

aluminum. The tubes that remained on the substrate were observed. Tension 

fractured tubes were created by placing substrate with tubes as-grown onto a 

piece of carbon adhesive tape, and then pulling off the tape. Tubes remaining on 

the substrate were observed. EDX spectra were taken in the SEM, and elemental 

maps were taken for the element peaks observed. 
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NbS2 nanotubes were synthesized as detailed in the experimental description. 

Niobium and sulfur precursors were chosen for their sublimation and evaporation 

points within the range of the reaction system capabilities, and for their ability to 

react as outlined in Eqn. 3.2.1. Argon is chosen as a non-reacting carrier gas. H2 

is found to be critical for growth, as it assists in the reduction of NbCl5 as in 

Eqn.3.2.1.  

2!"!"! + 4!!! + !!
∆ 2!"!! + 10!"# + !!!"! 

Equation 3.2.1: NbS2 nanotube synthetic pathway. 

NbS2 crystals have previously grown from NbCl5 and S8 precursors by a 

similar pathway, but only in a layered non-tubular form.(Ge, Kawahara, Tsuji, & 

Ago) Here, the different substrate material and reaction temperature are found to 

play the key role in creating a new allotrope of the material. 

NbS2 nanotubes were imaged as-synthesized on the carbon substrates. Tubes 

grow in clusters spread evenly over the entire surface of the substrate. The core 

of the cluster is thought to act as a nucleation site for their growth, but is difficult 

to be precisely identified. Interestingly, the nucleation site is not physically 

attached to the carbon substrate after growth, as can be seen in Fig 3.2.2 where 

many clusters sit far above the substrate. It is likely that the substrate leads to 

the initial cluster formation, but beyond initial nucleation, does not stay chemically 
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bonded. From compositional analyses of the cluster core, including EDX and 

Raman, the core is found to consist of Nb and S in same ratio of ~1:2 as the 

tubes themselves (Fig 3.2.5). The exact mechanism of how this nucleation site 

starts and evolves will be an interesting study, but is beyond the scope of the 

current work. 

 

 

Figure 3.2.2: SEM images of tube structures of NbS2.  
 

(a) shows a wide range of nanotube clusters growing over an area of the 

carbon substrate, (b) shows a close-up of a cluster of tubes originating from a 
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common central nucleation site, (c) shows the ends of tubes which were 

fractured by compression, (d) shows the end of tubes fractured by tension. 

 

 

Figure 3.2.3: TEM of NbS2 nanotubes. 

100!
nm 
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The region close to the tips of the as-grown tubes is tapered and gets thinner 

closer to the tube end (Fig. 3.2.2b). This indicates that outer tube wall growth 

lags behind that of the inner walls, and what we see as a continuous taper is in 

fact a collection of successive and discreet decreases in number walls closer to 

the tip (Fig 3.2.4).  

 

Fig 3.2.4 Schematic of the taper cause by successive decrease in number 
of walls. 

The tube tip ends in with a spherical cap, similar to CNTs closed in a 

buckeyball cap (Fig 3.2.2b).(Girifalco, Hodak, & Lee) This is interesting given that 

NbS2 layers have less symmetry than CNT layers, which causes higher strain in 

such an arrangement, and that NbS2 buckeyball-like structures have not been 

observed or even theoretically predicated as being stable.  

Some tubes show kinks along the tube length (Fig. 3.2.3), which indicates 

missing atoms in the lattice causing the tube to move away from its ideal 

structure. The fact that these kinks are observed close to the end of the tube 

indicates that supply of one of the precursors became deficient at a time near the 



 51 
 

end of growth of that tube. This observation is useful in the further development 

of this growth strategy, and can be investigated by closely monitoring 

concentrations of precursors during the entire vapor synthesis time. 

Elemental analysis in Fig 5a indicates a 1:2 Nb to S ratio, which correlates 

with the NbS2 stoichiometry. This indicates that the structure assumes the 

idealized coordination of bulk NbS2, which again correlates with the stoichiometry 

of predicted structures. (Seifer). Elemental mapping in Fig 3.2.5 for Nb, S, O, and 

C, respectively, provides additional confidence that the Nb and S signals come 

from the tube, and that the tubes are stable and not oxidized or contaminated. 

The strong carbon signal comes primarily from the background substrate. 

 

Elemental!ratio: 
Nb:!5.08!
S:!10.12 
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Fig 3.2.5 (a) EDX spectrum of large tube cluster under SEM. (b) EDX 
elemental map of single tube on carbon substrate. 

 Mechanical characterization 3.3.

 

Figure 3.3.1: Schematic of tensile and compressive fracture of NbS2 tubes. 
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The ends of fractured tubes are open and show a hollow interior (Fig. 3.3.1). 

Closer examination of the tube ends clearly shows multiple layers (walls). In the 

compressive fracture case (Fig. 3.3.1), the outer wall is present all the way to the 

point of fracture, while in the tensile fracture case (Fig. 3.3.1), the wall is pulled 

back from the fracture site, and the inner tubes seem to have pulled out from the 

other end. One peculiar feature of the tensile fracture case in Fig. 3.3.1, is that 

the outermost wall appears to have fractured perfectly along a direction around 

the tube circumference, perpendicular to the tube, which would be energetically 

unfavorable from the stress direction. In comparison, the fracture sites of the 

inner walls in the tensile case, as well as those of all of the tubes in the 

compressive case are more jagged. This indicates that the edge of the outer wall 

in the tensile case is in fact not a fracture site, but rather the as-grown end of an 

outer wall tube. This outer tube wall was not visible before fracture as it had 

another tube right underneath it and beyond it, hidden within the continuous 

looking, but discreet wall steps in the taper shape as in Fig 3.2.1. During fracture, 

tubes beneath it were pulled out, exposing the perfect edge by creating a larger 

step. (Fig 3.3.2) 
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Figure 3.3.2 Tensile forces acting on tapered tubes.  

The left side shows a schematic of a tapered tube where the center grows 

out the most, and successive walls grow further and further back. The idea is that 

unlike in this schematic, we cannot see the discreet atomic layer steps in SEM, 

so rather we see a continuous taper. The tensile force is applied at a region 

along the taper, acting on some exposed walls. Additional outer walls exist 

beyond this region of applied force. Since the tensile force is not transmitted to 

the outer walls beyond the point of application due to weak layer-to-layer 

bonding, the inner tubes fracture and pull out underneath the outer tube. This 

exposes the growth end of an outer wall from hiding in the continuous taper. Now 

rather than a gradual taper, we see an abrupt step from an outer wall, to a distant 

inner wall. This explains the existence of the straight edge of the outer wall as 

grown end, not a site of fracture. 
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Another key piece of information in the perpendicular growth edge is that it can 

indicate the tube chirality. For the same reason that crystals grow in the same 

shape as their crystal structure, crystal edges grow along crystal directions that 

minimize edge energy. Zigzag achiral tubes have their lowest energy edge 

perpendicular to the length of the tube, indicating that this tube is likely zigzag. 

This agrees with the relatively higher stability of achiral tubes as predicted by 

Terrones et al. (Seifer, 2000) 

 Raman characterization 3.4.

Raman spectra were taken with a 515 nm laser and compared to the 

spectra of previous 2H and 3R NbS2 nano-plates and bulk NbS2 crystals. Nano-

plates and bulk crystals have both in-plane and out-of-plane modes 

corresponding to specific vibrations, as discussed in chapter 2. Nanotubes can 

typically show the in-plane and out-of-plane modes, in addition to a nanotube 

specific radial-breathing-mode or RBM, which depends on diameter. (Maultzsch, 

Telg, Reich, & Thomsen) 
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Figure 3.4.1: Raman spectrum of NbS2 tube (Ack: Jeffrey Simpson). 

   

Figure 3.4.2: Polarized Raman spectra of NbS2 tubes. 
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Peaks were not initially assigned as ongoing studies at the time of this 

writing are being conducted to confirm the exact modes. Figure 3.4.2 shows the 

equivalent measurement where the spectrum is divided by polarization. This can 

be used to distinguish in-plane vs. out-of-plane Raman modes. 

 

Figure 3.4.3: Raman spectra fresh NbS2 tubes from different batches. 

Figure 3.4.3 shows the Raman spectra of freshly synthesized tubes from 

different synthesis batches. This was done to confirm the reproducible growth, as 

Raman spectra can be very sensitive to doping, structural changes, and even 

diameter change. As such it serves as a good fingerprint of the material. 
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Figure 3.4.4: Power and energy dependence of NbS2 tubes Raman signal. 

 Electrical characterization 3.5.

Contacts were put onto NbS2 nanotubes in an effort to measure their 

electrical properties. Figure 3.5.1 shows an optical image and SEM images of 

Au/Ti contacts evaporated by E-beam deposition through a photolithography 

mask onto an NbS2 tube. High magnification of the contact area shows good 

coverage and no obvious sign of shortening. Figure 3.5.1 also shows I-V scans 

of this device in 2 different configurations, one of which shows insulating behavior 

(4,7) while the other (7,9) shows some conduction at higher potential.  
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Figure 3.5.1: NbS2 nanotube 4-point probe device with Ti/Au contacts. 

 
Figure 3.5.2: SEM image of whole device. 
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possible range of chiralities and the wide range of tube diameters, further studies 

will have to investigate their properties in detail. This work serves mainly as the 

groundwork providing a new synthesis pathway. 

 Conclusion 3.6.

In summary, we have developed new method for the high-yield vapor-

phase synthesis of multi-walled NbS2 nanotubes. Tubes grow from central 

nucleation sites of amorphous carbon substrates at temperatures ~500ºC. 

Fracture sites show the tubes’ hollow multi-walled nature. They also elucidate the 

growth mechanism: growth starts with inner tubes, followed by outer tubes, 

leading to tapered tips. The outer wall of some tubes is found to be zigzag, 

deduced from the observation of their growth edge. Raman measurements 

indicate a tetrahedral Nb coordination, with individual layers analogous to 2H or 

3R bulk layers. Nanotube-specific low-frequency modes, seen for the first time in 

this system, are hypothesized to be RBM modes, providing further evidence of 

the tube-like structure This synthesis technique opens the door for in-depth 

exploration of this new nanotube, including its theoretically predicted high DOS at 

the Fermi level, metallic nature, and possibly superconductivity. The observation 

of RBM modes shows the opportunity for using Raman spectroscopy as a tool to 

distinguish tube diameters and chiralities. 
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 Future work 3.7.

Since this new material creates significant opportunity for future research, 

we would like to indicate directions we think would be most useful. For the further 

development of the synthesis technique, valuable missing pieces of knowledge 

are: the precise mechanism of nanotube nucleation, chirality control, and 

dimensional control (length, diameter, and number of walls). For the further 

investigation and application of this material, the most interesting directions of 

exploration are: fundamental study of the existence of superconductivity, and the 

use as new 1D system for the study of fundamental physics.  

! !
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Chapter 4 

Electrocatalytic properties of NbS2 and 
TaS2 

 Hydrogen evolution reaction and its catalysts 4.1.

There has been intense interest in layered van der Waals solids for their 

strong anisotropy in bond strength, which leads to the possibility of isolated 

monomolecular 2D layers of the material. Simultaneously there has been an 

interest in efficient, cost-effective production of hydrogen without the use of 

precious metal catalysts. MoS2 is a promising catalyst candidate and has been 

investigated, but its performance is limited by the number of active catalytic sites, 

which are mainly located at the edges as opposed to the surface. In this project, I 

introduce theoretical results from my work with Yuanyue Liu et al. that show 

catalytic surface activity in TaS2, experimental evidence of this, as well as 
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resulting self-nanostructuring during use for hydrogen production.(Yuanyue Liu) 

 

Figure 4.1.1: Schematic of HER with a Pt catalyst. 

With “Energy” being widely accepted as a top global problem of the next 

decades, the efficient and cost-effective production of an energy storage fuel is of 

utmost importance. Hydrogen is an ideal candidate, with efficient energy 

extraction in fuel cells producing water as its only byproduct; however, the most 

widely used method for generating hydrogen relies on the unsustainable steam 

reforming of natural gas. Alternatively, hydrogen can be produced 

electrocatalytically via the hydrogen evolution reaction (HER), protons are 

reacted to gaseous hydrogen. Recently, MoS2, has attracted substantial interest 

as earth-abundant and inexpensive catalyst that could replace precious metals 

for HER catalysis. Unfortunately, its performance is limited by the low density of 

catalytically active sites, which are mainly located at the edges. An intrinsically 

surface-active MX2 candidate is therefore highly desirable. 
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 TaS2 catalytic activity theoretical predictions 4.2.

 

 

Figure 4.2.1: Schematic of edge-active vs. surface-active catalysts. 

The HER proceeds via two steps, the adsorption and desorption of H. H+ 

first adsorbed to a catalyst, and then H2 desorbs. (Heyrovsky 

reaction).(Schmickler & Santos, 2010) This balance of these 2 mechanisms then 

determine the effectiveness at catalysis(Santos, Quaino, & Schmickler, 2012), 

(T.$Jaramillo$et$al,$Science,$2007)$ Engineering'the'surface'structure'of'MoS2'
to'preferen4ally'expose'ac4ve'edge'sites'
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described by the Sabatier principle(Calle-Vallejo, Koper, & Bandarenka, 2013; 

Jeff Greeley et al., 2006; Hinnemann et al., 2005; Nørskov et al., 2005; Santos et 

al., 2012; Schmickler & Santos, 2010; Trasatti, 1972). If the catalyst interaction is 

too weak, then the Volmer reaction can’t proceed; if it is too strong, then the 

Tafel/Heyrovksy reaction can’t process. Therefore the adsorption free energy 

must be finely tuned. (Jeff Greeley et al., 2006; Hinnemann et al., 2005; Nørskov 

et al., 2005). 

 

 
Figure 4.4.2: Adapted from (Yuanyue Liu) MX2 surface activity and its 

electronic origin.  

(A) Schematic of HER on MX2 surface (B) and (C) DOS of representative 

pristine and H-adsorbed MX2 systems.  



 66 
 

The key result from this theoretical calculation is that it creates a 

descriptor for predicting catalytic performance, which is used to show that TaS2 

and NbS2 are ideal candidates for HER catalysis. 

 

Figure 4.2.3: Adapted from (Yuanyue Liu): Structures of various phases of 
MX2 and testing of other common descriptors.  

The figures below correlate the H binding energy to the Fermi level (CBM 

for semiconductors). It is found that group 5 TMDCs have an Eb close to 0, 

allowing both adsorption and desorption. 
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Figure 4.2.4: Computed Gdiff and Gtot (Eqs. 2 and 3, Methods) for H 
adsorption on the group-5 MX2 candidates. Adapted from (Yuanyue Liu) 

 TaS2 performance 4.3.

In order to verify the calculation results, we synthesized 2H-TaS2 platelets 

from TaCl5, S8 and H2 precursors as in the previous section. Plates were then 

transferred to carbon electrodes by direct contact. Potential sweeps were carried 

out from 0.2 to -0.6 V versus RHE with a scan rate of 5 mV s-1 on 2H-TaS2 
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platelets and dimensionally comparable commercial 2H-MoS2 platelets using a 

typical three-electrode setup. After 3000 cycles we observed SEM and TEM 

evidence of pore formation on the surface of 2H-TaS2 and an absence of pores in 

the case of 2H-MoS2. The self-exfoliation is further indicated by TEM images 

showing few-layer edges. During HER H2 gas is produced at catalytically active 

sites, which in the case of surface active 2H-TaS2 includes between layers. The 

rapid expansion of H2 gas upon formation causes local pressure, which leads to 

pore formation and self-exfoliation. The mechanism is different from lithium 

intercalation-exfoliation discussed earlier, in that H2 can be produced directly 

under the surface. Instead lithium intercalation-exfoliation is induced by water 

reacting with lithium ions starting near the edges moving inward as water 

molecules are too large to intercalate between the layers, which is why pores are 

not observed. 
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 Direct imaging of H2 evolution on TaS2 crystal surface 4.4.

 

Figure 4.4.1: Schematic illustrations of self-nanostructuring and 
corresponding electron microscope images of pre- and post-cycled 2H-

TaS2 and 2H-MoS2 samples.  
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(A) Schematic illustrations of self-nanostructuring during continuous 

potential cycling between 0.2 and -0.6 V vs. RHE at 5 mV s-1. (B) and (C) SEM 

images of a 2H-TaS2 plate and one after 3000 potential sweep cycles, 

respectively. Holes are visible in the 2H-TaS2 plate after cycling due to hydrogen 

evolution on the surface between layers. (D) and (E) TEM images of 2H-TaS2 

and one after 3000 potential sweep cycles, respectively. The 2H-TaS2 plate 

exfoliates owing to the surface activity towards HER after cycling. (F) and (G) 

SEM images of a 2H-MoS2 plate and one after 3000 potential sweep cycles, 

respectively. 

The self-nanostructuring of 2H-TaS2 during potential cycling causes 

improvements in electron transfer and an increase in effective basal surface and 

edge sites. This can be seen directly in the dramatic increase in the cathodic 

current density for 2H-TaS2 with cycling, where after 3000 cycles the current 

density increases ~ 2400 times the initial. Improvements in 2H-MoS2 cathodic 

current density is also seen but to a much lesser degree (~ 30 times) due to the 

lack of basal surface activity in 2H-MoS2. Accompanying the increase of current 

density in 2H-TaS2, the charge transfer resistance (Rct) experiences a sharp 

decrease during potential cycling providing further evidence of self-

nanostructuring which decreases the electron hopping potential barrier between 

layers and increases exposed areas of active sites. 
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Figure 4.4.2: Electrocatalytic performance towards HER of 2H-TaS2. 
Adapted from (Yuanyue Liu) 

(a) A comparison of current density increasing rate with cycles between 

bulk 2H-TaS2 and bulk 2H-MoS2. The current density is normalized to the current 

density after four cycles. (b) Polarization curves obtained with glassy carbon 

electrode, Pt wire, exfoliated 2H-MoS2, and bulk 2H-MoS2 and bulk 2H-TaS2 after 

3000 cycles (c) Corresponding Tafel plots for Pt wire, exfoliated 2H-MoS2, and 

bulk 2H-MoS2 and bulk 2H-TaS2 after 3000 cycles. The Tafel plots are iR 

corrected by measuring the Ohmic resistance through impedance spectroscopy. 
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(d) The exchange current density obtained by fitting the Tafel plots, η = logj0 + 

blogj. The polarization curve was measured in 0.5 M H2SO4 with a scan rate of 5 

mV s-1. The cycling was performed between 0.2 and -0.6 V vs. RHE at 5 mV s-1. 

The polarization activity of post-cycled 2H-TaS2 was compared to post-

cycled 2H-MoS2 and chemically pre-exfoliated 2H-MoS2 with few-layers. As a 

reference point, the Pt wire exhibited high HER catalytic performance (with a 

near zero overpotential). Both post-cycled 2H-MoS2 and pre-exfoliated 2H-MoS2 

exhibited an onset for the HER at an overpotential of approximately -200 mV, 

consistent with previous reports for nanostructured 2H-MoS2. The post-cycled 

2H-TaS2 exhibited a smaller onset potential at around -100 mV. Post-cycling 2H-

TaS2 showed dramatically improved HER activity, with current density reaching 

9.0 mA cm-2 at -300 mV vs. RHE compared to -0.14 mA cm-2 for pre-exfoliated 

2H-MoS2 and -0.10 mA cm-2 for post-cycled 2H-MoS2. These current densities 

were obtained once stability was achieved through cycling. For 2H-MoS2 and 2H-

TaS2 this was achieved after 3000 cycle whereas exfoliated 2H-MoS2 stabilized 

after 4 cycles. The lack of current density improvement through cycling in pre-

exfoliated 2H-MoS2 highlights our mechanism is only relevant for multilayered 

samples. Electrocatalytic activity of pre-exfoliated 1T-TaS2 was also evaluated 

and showed little HER activity (-0.03 mA cm-2 at -300 mV vs. RHE) compared to 

post-cycled 2H-TaS2 which consistent with the modeling results that both edge 

and basal surface sites of 1T-TaS2 have very low H atom adsorption Gibbs 

energy. Corresponding Tafel plots extracted from the polarization curves show a 
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Tafel slope of 105 mV dec-1 and 124 mV dec-1 for pre-exfoliated and post-cycled 

2H-MoS2, respectively, both lying in the typical Tafel slope range for 

nanostructured 2H-MoS2. 

The post-cycled 2H-TaS2 exhibited substantially higher activity, with a 

slope of 70 mV dec-1. 

We successfully synthesized and tested H-TaS2, which was predicted to 

have the highest per-site catalytic activity within our theoretical approach. As 

shown, the material indeed demonstrates unprecedented HER catalytic 

performance. We measure the polarization curve of synthesized H-TaS2 platelets 

for HER electrocatalysis; for comparison under identical conditions, results for 

MoS2 and Pt are also shown. After 5000 cycles between 0.2 and -0.6 V versus 

RHE, H-TaS2 exhibits an extremely low onset potential. A current density of 10 

mA/cm2 (a standard for comparison (Faber & Jin, 2014)) is reached at only -60 

mV versus RHE. As shown, it also has a very low Tafel slope (37 mV/dec) and a 

high exchange current density (7.8×10-5 A/cm2) even with small loading (55 

μg/cm2). These performance characteristics are far superior to other MX2 

materials tested in this work or reported elsewhere and rank H-TaS2 among the 

best non-noble-metal catalysts currently available(Faber & Jin, 2014). We also 

illustrate the importance of the MX2 crystal structure in determining the catalytic 

activity (Lukowski et al., 2013; Damien Voiry, Maryam Salehi, et al., 2013; 

Damien Voiry, Hisato Yamaguchi, et al., 2013), since the performance of the 
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also-metallic T-TaS2 is far inferior to the ground-state H phase (Gupta, Rao, 

Maitra, Prasad, & Rao, 2014; Zhiyuan Zeng, Tan, Huang, Bao, & Zhang, 2014) 

(this is consistent with calculations showing T-TaS2 has a much higher εLUS). This 

contrasts with T-MoS2, which demonstrates higher activity than edge-active H-

MoS2 (Lukowski et al., 2013; Damien Voiry, Maryam Salehi, et al., 2013). 

 Exfoliation caused self-improving performance 4.5.

With the highly active catalysis of HER by H-TaS2 multilayers, we discover 

their self-exfoliation, which continually improves their own performance. 

Characterization indicates that the performance improvement correlates to a 

physical change in the catalyst. In particular, comparing atomic force microscopy 

(AFM), transmission electron microscopy (TEM) and scanning electron 

microscopy (SEM) results before and after electrochemical cycling indicates that 

the platelets become thinner, smaller, and more dispersed. In comparison, there 

are no noticeable changes in the chemical composition of the TMD, as confirmed 

by Raman spectroscopy, EDAX, XPS and HRTEM.  

This self-exfoliation results in an increase in effective active surface area, 

which is a critical criteria determining catalyst performance. This is directly 

measured and validated by the electrochemical capacitance throughout cycling. 

The self-exfoliation also thins the layers, which decreases the system resistance. 
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This is directly measured and validated by electrochemical impedance 

sprectroscopy. 

For a direct confirmation of the surface activity, we also directly measured 

surface activity.  

 

Figure 4.5.6:  Direct measurement of surface activity. Adapted from 
(Yuanyue Liu)  

 

(a) Schematic of experimental design for measuring surface activity of MX2 
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on a SiO2/Si substrate. (b) Comparison of HER activity on the surface of a single 

H-TaS2 flake (100 nm in thickness) and a monolayer H-MoS2.  

 

Figure 4.5.1: Physical characterization of as-grown H-TaS2 electrodes. 
Adapted from (Yuanyue Liu) 
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(a) SEM image of as-grown catalyst, (b) TEM of as-grown catalyst, (c) 

Raman spectrum, and (d) XRD pattern showing (00l) peaks (e) Measurement of 

the in-plane and out-of-plane resistivity of TaS2, and in-plane resistivity of MoS2. 

 

 

Figure 4.5.2 Electrochemical evolution recorded periodically during 
potential cycling at 100 mV s-1. Adapted from (Yuanyue Liu) 
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Figure 4.5.3 Chemical and structural characterization of H-TaS2 on a glassy 
carbon plate before and after 5000 cycles. Adapted from (Yuanyue Liu) 
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(a) EDS characterization before (left) and after (right) cycling. (b) SEM 

images before (left) and after (right) cycling, illustrating densely covered H-TaS2 

regions probed for maximum EDS signal. (c) XPS data for fine scan of S 2p (left) 

and Ta 4f (right), showing the chemical stability of H-TaS2 during potential 

cycling. (d) Raman spectrum and HRTEM image (e) before  and (f) after cycling, 

further confirming the chemical stability during cycling. 
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Figure 4.5.4 Morphological characterization of H-TaS2 before and after 5000 
cycles by SEM. Adapted from (Yuanyue Liu) 
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Figure 4.5.4 shows materials deposited onto a glassy carbon plate 

electrode for direct comparison of identical regions before and after cycling. 

 

 

Figure 4.5.5 HER of H-TaS2 under potentiostatic operation. Adapted from 
(y.liu) 
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(a) Chronoamperometric response at constant potential of -0.54 V vs. 

RHE (not iR corrected). (b) LSV of initial and after12 and 24 hours. (c) 

Corresponding EIS. 

Table 4.5.1 Comparison of HER activity between previous reports and this 
work. Adapted from (Yuanyue Liu) 

Sample Catalyst 
loading 

(μg/cm2) 

j0 
(A/cm2) 

Tafel slope 
(mV/decade) 

|j| @ -0.15 
V vs. RHE 
(mA/cm2) 

|V| vs. 
RHE @ 

j=-10 
mA/cm2 

(V) Ref 

Nano 
particula
te MoS2 N/A 1.3-3.7×10-7 55-60 0.1 

0.17 (Thomas 
F. 

Jaramillo 
et al., 
2007) 

Particul
ate 

MoS2 4 4.6×10-6 120 0.5 

0.3 
(Bonde et 
al., 2009) 

Double 
gyroid 
MoS2 60 6.9×10-7 50 1 

0.28 (Kibsgaar
d, Chen, 

Reinecke, 
& 

Jaramillo, 
2012) 

Edge 
exposed 

MoS2 
film 8.5 2.2× 10-6 105-120 0.06 

>0.4 
(Kong, 

Wang, et 
al., 2013) 

Edge 
exposed 

MoS2 
film 22 1.71-3.40× 10-6 115-123 0.1 

0.21 (Arrigo, 
Havecker, 
Schlogl, & 
Su, 2008) 

30 nm 
MoS2 3400-3900 5.0× 10-5 66 10.3 

0.15 (Haotian 
Wang et 
al., 2014) 

T- MoS2 50 N/A 40 1 

0.2 (Damien 
Voiry, 

Maryam 
Salehi, et 
al., 2013) 

T- MoS2 N/A N/A 43 2 

0.2 (Lukowski 
et al., 
2013) 

MoS2/R
GO 285 5.1×10-6 41 8 

0.16 (Yanguan
g Li et al., 

2011) 
Defect-

Rich 
MoS2 285 8.9×10-6 50 

3 
0.2 

(Ratso et 
al., 2014) 
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Electrod
eposited 

MoS2  N/A N/A 106 
2 

>0.4 
(Ferrari et 
al., 2006) 

MoS2/C
NT-

graphen
e 650 2.91×10-5 100 

2 
0.28 

(Hao et 
al., 2010) 

Nanofla
kesWS2 350 N/A 48 1 >0.4 (Sheng et 

al., 2011) 

WS2/RG
O 400 N/A 58 

2 
0.26 (Qu, Liu, 

Baek, & 
Dai, 2010) 

T-WS2 6.5 1×10-6 60 
1 

0.23 (Ouyang 
et al., 
2014) 

T-WS2 1000±200 <10-4 70 
14 

0.14 (Lukowski 
et al., 
2014) 

MoSX/C
NT 102 33.11× 10-6 40 25 0.11 (D. J. Li et 

al., 2014) 

H-MoS2 100 3.4×10-6 120 
 

0.08 
 

>0.4 This work 

T-MoS2 50 2.5× 10-6 78 0.2 
 

0.29 This work 

T-TaS2 80 6.4× 10-8 92 0.02 
 

>0.4 This work 

H-TaS2 55 7.8× 10-5 37 
 

160 
 

0.06 This work 
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Figure 4.5.7: Absence of contaminants in H-TaS2 and purity of produced H2 
gas.  Adapted from (Yuanyue Liu) 

 

CO stripping voltammetry results on (a) a long-term cycled H-TaS2 and (b) 

a reference Pt/C (Pt loading 0.3 μg cm-2) electrode in CO-free solution of 0.5 M 
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H2SO4 (c) Current versus time at -0.4 V vs. RHE, with (d) periodically measured 

production moles of H2. (e) Gas chromatography trace of H2 collected from HER.  
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Chapter 5 

Self-exfoliation study of group V TMDs 

 Introduction 5.1.

There is an ongoing interest to find earth-abundant and inexpensive 

electrocatalysts for hydrogen evolution reaction (HER) that can replace platinum-

based materials. Group 6 layered transition metal dicalchogenides (TMDs), like 

2H-MoS2, have garnered interest in this search due to their natural abundance 

and high activity toward hydrogen evolution, but this activity is limited to edge-

sites, reducing their overall performance. Herein, we report a class of group 5 

TMDs (MX2, M = V, Nb, Ta, X = S), structurally similar to 2H-MoS2, but with high 

basal surface-activitity in addition to edge-activity. Due to this high surface-

activitity, hydrogen gas evolves on the basal surface between layers of the 

catalyst, which results in its own exfoliation. This causes micro-scale group 5 
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MX2 platelets to self-nanostructure into thin sheets, and ultimately, nanoparticles 

with immense exposure of effective surface area. The catalyst peformance 

improves correspondingly, and record performance can be achieved at very low 

loading densities and without the use of complex synthesis engineering. The high 

intrinsic surface activity and self-nanostructring behavior make group 5 MX2 

promising electrocatalysts for hydrogen evolution. 

Hydrogen is a promising energy storage medium as an alternative to fossil 

fuels. To fully harness its advantages, methods of hydrogen production from 

renewable sources, as opposed to production via steam reforming of natural gas, 

need to be developed. Hydrogen generation through electrolysis of water offers 

an avenue to store energy from renewable sources such as the sun, but its 

applications are restricted do to the necessity of high cost precious metal Pt as a 

catalyst.(Walter et al., 2010) To enable electrolysis as a feasible hydrogen 

production technique, there is an ongoing search for new earth abundant and 

inexpensive electrocatalysts that decrease the overpotential of the hydrogen 

evolution reaction (HER).  

In this search, group 6 transition metal dichalcogenides (TMDs) MX2 (M = 

Mo, W; X = S, Se, Te) have been the focus of much experimental effort, spurred 

by the theoretical prediction that metallic edges of 2H-MoS2 crystals are 

electrocatalytically active toward HER.(Cheng et al., 2014; Hinnemann et al., 

2005; Thomas F. Jaramillo et al., 2007; Kong, Wang, et al., 2013; Xie et al., 
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2013; Yang et al., 2013) The HER activity for the 2H phase of group 6 TMDs 

correlates with the number of exposed edge sites that have a local stoichiometry, 

physical structure, and electronic structure that differs from the catalytically inert 

(0001) basal planes.(Thomas F. Jaramillo et al., 2007) However, the fraction of 

edge sites is low relative to basal surface sites in the two-dimentional materials, 

which extremely limits the electrocatalytic performance of 2H phase group 6 

TMDs. This has prompted investigations into synthesizing nanostructures that 

maximize edge exposure of 2H-MoS2.(Kibsgaard et al., 2012; H. T. Wang et al., 

2013) An alternative modification approach is through chemical or 

electrochemical lithium intercalation followed by reaction with water to transfer 

semiconducting 2H (trigonal prismatic) phase to metastable metallic 1T 

(octahedral) phase as well as exfoliate TMDs into monolayered or few layer 

sheets.(Lukowski et al., 2014; Lukowski et al., 2013; Damien Voiry, Maryam 

Salehi, et al., 2013; D. Voiry et al., 2013)  The metallic 1T phase shows 

enhanced HER activity compared to its semiconducting 2H counterpart. Another 

family of active electrocatralysts under intensive research is the first-row 

transition metal dichalcogenides, among which cubic pyrite structured CoSe2 

nanoparticles show the highest activity.(Kong, Cha, Wang, Lee, & Cui, 2013; 

Kong, Wang, Lu, & Cui, 2014) First-row transition metal phosphides such as 

Ni2P, CoP and FeP have also been studied to catalyze HER due to their similar 

activity with 2H-MoS2 for hydrodesulfurization.(Popczun et al., 2013; Popczun, 

Read, Roske, Lewis, & Schaak, 2014) (Callejas et al., 2014) To date, the record 
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low overpotential for HER has been obtained with nanoparticlulate CoP and FeP 

with very high surface area.(Callejas et al., 2014; Popczun et al., 2014) 

Unfortunately, the synthesis of  nanoparticles involving organic capping agents is 

difficult to control through bulk processes, requires energetically expensive post-

treatment, and is thus difficult to scale.  

 

Figure 5.1.1: Schematic of surface-active TMD exfoliation during HER 
catalysis. 
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Group 5 TMDs 2H-MS2 (M=V, Nb and Ta) have recently been predicted to 

have high intrinsic surface-site activity by first-principles calculations. (Y. Liu) 

(Pan) Here, we systematically investigate the surface activity of group 5 TMDs, 

and experimentally discover the surface-acivity resulting self-nanostructuring 

during HER, which leads to superior performance rivaling platinum (Pt). 

Furthermore, we closely study the nanostructuring mechanism during HER on 

the surface-sites. 

 Preparation and characterization of electrodes 5.2.

Group 5 TMDs (2H-VS2, 2H-NbS2, and 2H-TaS2) were synthesized by 

chemical vapor deposition (CVD) using VCl3, NbCl5, and TaCl5 precursors, 

respectively, and S8 in an Ar/H2 atmosphere between 600-800 ºC. Reaction 

parameters could be varied to control size and phase (T vs. H) for the materials. 

For HER comparison, we selected samples with similar thickness within 100-300 

nm and lateral dimensions varying from 1~5 μm as shown in the scanning 

electron microscopy (SEM). The high-resolution transmission electron 

microscopy (HRTEM) images confirm that all three group 5 TMDs have hexgonal 

symmetry indicaing the successful synthesis of 2H-phase.  
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Figure 5.2.1: Electron microscopy images of group 5 TMD electrodes.  
 

(a-c) SEM images of 2H-VS2, 2H-NbS2 and 2H-TaS2, respectively. (d-f) 

HRTEM images of images of 2H-VS2, 2H-NbS2 and 2H-TaS2, respectively. The 

inset is the FFT of HRTEM image showing hexagonal symmetry. 

Raman spectroscopy verifies that the 2H phase is representative of the 

entire sample area. The representative Raman spectra for each sample are 

shown in Fig. 2a. The 2H-polytype has a crystal structure of hexagonal D4
6h 

symmetry in the normal phase. The unit cell spans two layers, and there are four 

Raman active modes; A1g + E1g + 2E2g.(Y. Ding et al., 2011; McMullan & Irwin, 

1983) 2H-TaS2 shows an out-of-plane A1g mode at 400 cm-1, an in-plane E2g 



 92 
 

mode at 285 cm-1, and an in-plane E1g mode at 190 cm-1. These modes compare 

with bulk 2H-TaS2 crystals as reported.(Y. Ding et al., 2011; Sugai, Murase, 

Uchida, & Tanaka, 1981) 2H-NbS2 shows an A1g mode at 360 cm-1, an E2g mode 

at 300 cm-1 and an E1g mode at 240cm-1, which correspond to the modes in the 

literature.(McMullan & Irwin, 1983; Nakashima, Tokuda, Mitsuishi, Aoki, & 

Hamaue, 1982) In 2H-NbS2 we observe an additional double peak between 

120~150 cm-1, that has been previously reported in 2H-NbS2 as the result of a 2-

phonon interaction.(McMullan & Irwin, 1983) Due to the analogous structure of 

2H-VS2 to 2H-TaS2 and 2H-NbS2, we assign A1g mode at 400 cm-1, an E2g mode 

at 280 cm-1 and E1g mode at 195 cm-1. 2H-VS2 also shows a low-shift 2-phonon 

mode. The aforementioned Raman modes for the 2H structure are illustrated in 

Fig. 2b. 1T and 3R phases of these materials show different modes due to a 

difference in intra-layer bonding geometry and stacking, respectively, making 

Raman spectroscopy a useful tool to distinguish phases in group 5 TMDs. 

(Duffey, Kirby, & Coleman, 1976; McMullan & Irwin, 1983) 
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Figure 5.2.2: Spectroscopy characterization of group 5 TMDs electrodes.  
 

(a) Raman spectra of 2H-phase group 5 TMDs. The right panel shows the 

schematic of Raman vibration modes. (b) XPS of V 2p, Nb 3d and Ta 4f. (c) XPS 

of S 2p. 

The chemical states of M (M = V, Nb, Ta) and S were investigated by X-

ray photon spectroscopy (XPS). From the XPS spectra, the +4 oxidation state is 

clearly dominant for all three metals, with a characteristic peak of V 2p3/2 at 516.4 



 94 
 

eV, Nb 3d5/2 at 204.9 eV, and Ta 4f7/2 at 25.8 eV. This oxidation state is further 

confirmed by XPS spectra of S 2p region that exhibits primarily a single doublet 

with the 2p3/2 peak at 161.3 eV consistent with a -2 oxidation state for the sulfur 

(Fig. 2d). The XPS results show the successful synthesis of Group 5 TMDs with 

primary stoichiometry of MS2 (M = V, Nb, and Ta). 

 Electrochemical performance 5.3.

The electrocatalytic activity towards HER for the three group 5 TMDs were 

evaluated by measuring the linear sweep voltammetry (lsv) at 5 mV s-1 in 0.5M 

H2SO4 bubbled with Ar. The working electrode was prepared by drop-casting the 

TMDs catalyst ink onto glassy carbon, resulting in an ultra-low catalyst loading of 

10 μg cm-2. The polarization curves after iR correction are shown. All of 2H-VS2, 

2H-NbS2, and 2H-TaS2 electrodes exhibit an onset for the HER at a negligible 

overpotential similar to Pt catalysts, indicating a low activation barrier for 

hydrogen adsorption. The 2H-NbS2 requires an unprecedented low overpotenial 

(-50 mV) to reach the current density of 10 mA cm-2 followed by 2H-TaS2 (-59 

mV) and 2H-VS2 (-67 mV). These overpotentials, especially for 2H-NbS2, are far 

lower than that for other high performing HER MX2 catalysts of various 

morphologies, structural phases and chemistry. By comparing to the 1T-WS2 

nanosheets that were recently reported as the most active layered TMDs, 2H-

NbS2 shows catalytic activity (e.g. the current density at -0.1 V) one order higher 
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than 1T-WS2, while it only possesses two times the effective active sites of 1T-

WS2 (estimated from the capacitance, 78.9 mF cm-2 for 2H-NbS2 versus 48 mF 

cm-2 for 1T-WS2, see details in Fig.5 and ref (Lukowski et al., 2014)). The ten-fold 

increase in catalytic activity with respect to the two-fold increase of active sites 

suggests 2H-NbS2 is intrinsically more catalytically active than the 1T-WS2. This 

is consistent with our theoretical prediction that 2H-NbS2 has the lowest electron 

unoccupied state other than 1T-WS2 so that 2H-NbS2 adsorbs Hads more 

strongly.(Y. Liu et) Furthermore, 2H-NbS2 requires less overpotential than the 

non-noble metal catalyst CoP (-75 mV) (Popczun et al., 2014) nanoparticles, and 

comparable overpotential to FeP (-50 mV)(Callejas et al., 2014) nanoparticles to 

reach 10 mA cm-2.  
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Figure 5.3.1: Electrochemical performance of group 5 TMDs for HER.  
 

(a) Polarization curves 2H-VS2, NbS2 and TaS2 electrodes recorded after 

12000 cycles between 0 ~ - 0.6 V vs. RHE. The scan rate is 5 mV s-1. (b) 

Correspondent Tafel plots showing the Tafel slopes at low overpotential region. 

(c) Exchange current densities extrapolated Tafel plots to equilibrium potential for 

HER. (d) The current density at -0.2 V vs. RHE normalized to the initial one with 

respect to the cycles.  
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Furthermore, group 5 TMDs only require an overpotential of -0.23 ~ -0.28 

V to achieve a practical electrolysis current density of 100 mA cm-2, indicating a 

promising large-scale application with an extraordinary energy efficiency. The 

superior activity is also apprarent with the the evidence of an extremely small 

Tafel slope varying between 25~34 mV dec-1 for group 5 TMDs. The Tafel slope 

value is similar to that for a Pt electrode (30 mV dec-1), indicating HER on 

surfaces of group 5 TMDs proceed through the Volmer-Tafel mechanism, and the 

recombination step is the rate-limiting step at low overpotentials under the 

condition of a very high adsorbed Hads coverage (θH ≈ 1).(Conway & Tilak, 2002; 

Yanguang Li et al., 2011) The exchange current density (j0) was estimated by 

extrapolating the Tafel plot to equilibrium potential for HER. The obtained j0 for 

group 5 TMDs is approximately 10-4 A cm-2 which is over one order of magnitude 

higher than for the edge-oriented nanostructured 2H-MoS2 and Li-intercalation 

resulted 1T-MoS2/1T-WS2 competitors.(Kibsgaard et al., 2012; Lukowski et al., 

2014; Damien Voiry, Maryam Salehi, et al., 2013; D. Voiry et al., 2013) The j0 for 

group 5 TMDs has the same order of magnitude with the FeP(Callejas et al., 

2014; Popczun et al., 2014) and CoP nanoparticles, which are reported as the 

highest active earth abundant catalyst so far.17, 18 Overall, the group 5 TMDs 

exhibit superior performance for HER compared to the reported non-noble metal 

alternatives regarding a lower overpotential at 10 mA cm-2, a smaller Tafel slope 

and a higher exchange current density, even with ultra-low catalyst loading.  
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 Exfoliation study 5.4.

Most importantly, the group 5 TMDs have a unique characteristic in that 

they experience a dramatic self-improving in their performance during HER. The 

more active 2H-NbS2 and 2H-TaS2 manifest a three orders of magnitude 

improvement in current density with repeated potential cycling while 2H-VS2 has 

a two orders of magnitude increase. This self-improving performance is attributed 

to self-exfoliation, which is naturally a consequence of high surface activity. 

Because TMDs are weakly bound Van der Waals layered materials, H2 gas 

produced from HER at surface sites between layers separates these layers in 

order to discharge. This process is analogous to the reports of chemical 

exfoliation of TMDs by lithium intercalation followed by reaction with water to 

produce H2.(Joensen, Frindt, & Morrison, 1986b; Lukowski et al., 2014; Lukowski 

et al., 2013; D. Voiry et al., 2013)  
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Figure 5.4.1: SEM of the self-exfoliation process during cycling.  
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(a) SEM image of a pristine micro-scale 2H-NbS2 platelet. (b) After 1000 

cycles. (c) and (d) After 5000 cycles with a low and high magnification, 

respectively. (e) and (f) After 12000 cycles with a low and high magnification, 

respectively. (g) HRTEM images after 12000 cycles.  

The self-exfoliation process was deliberately studied by monitoring the 

morphological, structural and chemical change of a specific 2H-NbS2 platelet. 

shows the SEM images of a representative 2H-NbS2 platelet taken periodically 

during the repeated potential cycling. The pristine 2H-NbS2 platelet has lateral 

dimension of around 40 μm and vertical thickness of ~300 nm. After 1000 cycles, 

the self-exfoliation induced breaking of micro-scale platelet and separation into 

electron-transparent sheets can be observed. The self-exfoliation proceeds to 

exfoliate the 40 μm platelet into thousands of small hexagonal-like platelets with 

lateral size of 3-4 μm after 5000 cycles. These small platelets are much thinner 

than the initial platelet as implied by the electron transparency. After 12000 

cycles, these platelets ultimately separate into nano-scale aggregates composed 

of 2-3 nm nanoparticles spread across the electrode substrate. Further cycling 

does not exfoliate the nanoparticles further, which is consistent with the 

simultaneous saturation of current density to a steady-state. Similar self-

nanostructuring was observed and characterized for a 2H-TaS2 platelet as shown 

in the. The final cycled 2H-NbS2 electrode was characterized by Raman and XPS 

to determine possible crystal structure and chemical composition changes during 

the self-exfoliation. The Raman spectrum was unchanged after cycling, indicating 
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the preservation of the 2H layer structure. Comparison of the XPS spectra 

between the pristine and cycled sample shows Nb and S maintains +4 and -2 

chemical state, respectively. 

 

 

Figure 5.4.2: Charge transfer resistance and effective surface area of 2H-
NbS2 electrodes during the cycling.  

 



 102 
 

(a) EIS recorded at -0.2 V during potential cycling. The EIS shows the 

gradient decreasing of charge transfer resistance upon cycling. (b) Enlarged EIS 

beyond 5000 cycles. (c) The increasing of capacitance indicating the increase of 

effective surface area during cycling. 

Since the intense self-exfoliation results in thinning of the TMDs platelets, 

the resistance to electron transfer over interlayer potential barriers in the vertical 

direction decreases.(Yuanyue Liu) We periodically take electrochemical 

impedance spectra (EIS) confirming the improvement of electron transfer for a 

representative 2H-NbS2 electrode throughout the catalysis. The charge transfer 

resistance decreases by ~10 times after 12000 cycles. The second benefit of 

self-exfoliation is the exposing of new active catalytic sites throughout use, which 

is evidenced by the dramatic increase of capacitance of the double layer at the 

solid-liquid interface. The double layer capacitance was obtained by fitting the 

EIS with a Randles equivalent circuit.(Chinarro, Jurado, Figueiredo, & Frade, 

2003; Gore, White, Wachsman, & Thangadurai, 2014; Kibsgaard et al., 2012) 

The capacitance increases from initial 12 μF cm-2 to 78.9 mF cm-2 after 12000 

cycles, indicating an increase of effective surface area by ~6000 times. Both the 

substantial improvement of electron transfer and increase of effective surface 

area contribute to the remarkable self-improving performance of group 5 TMDs 

during electrocatalysis of HER.  
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 Conclusion 5.5.

In summary, we experimentally show the surface activity of the group 5 

layered TMDs including 2H-VS2, 2H-TaS2, and 2H-NbS2. Further, we show that 

this surface activity leads to hydrogen production at basal surface sites in 

between Van der Waals bonded layers, which in turn causes layers to be 

exfoliated. This exfoliation results in continuous exposure of new catalytic sites 

and a decrease of charge transfer resistance throughout use, which 

consequently leads to a three-order increase in current density. The final 

performance is second only to far more expensive and rare noble metal catalysts, 

and is superior to all group 6 TMDs, first row TMDs, and metal phosphides 

reported. Finally, as the catalyst spontaneously self-nanostructures and re-

adheres to the electrode substrate upon use, there is no requirement for 

expensive nanoscale fabrication, as required for competing catalysts. This work 

opens up the search for low-cost and earth-abundant hydrogen production 

electrocatalysts to include all group 5 TMDs, and for other surface-active HER 

catalysts, which may exhibit similar self-nanostructuring. 

!

! !
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Chapter 6 

In-plane optical properties via out-of-
plane TaS2 and NbS2 nanostructures, 

lattice distortions in thin NbS2, and 
other physical phenomena 

 Motivation 6.1.

A unique aspect of layered materials in electronics and optics is the 

directionality or anisotropy of their properties. NbS2 is considered a metal, but 

electrons move significantly easier in plane than out of plane. 

Previous work of these materials has focused on optical measurements 

perpendicular to the basal plane of these materials. In this way, the electric field 

portion of the electromagnetic light is in the direction of the basal plane, allowing 

maximum interaction with electrons. Thus, when viewed from out of plane, an 
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NbS2 crystal has a lustrous metallic color. This shiny color is a result of fairly 

even reflection across the optical spectrum due to its metallic character. 

 Out-of-plane structures of NbS2 6.2.

To gain this control, I experimented with a variety of surface energy 

substrates shown in the table below. The selection was made to get a range of 

surface energies. Indeed it was seen that substrate surface energy has a big 

effect on crystal growth orientation. The orientation can be explained by the 

wettability of the substrate to the growth precursor.  

The surface energy of materials is typically measured experimentally by 

contact angle using water, and other liquids with known surface tensions.  

But fundamentally, and more relevantly for explaining and understanding 

its effect on crystal growth direction, is that surface energy is a measure of 

dangling bonds multiplied by their bond strength per unit area. The surface 

energy can also be defined as the energy required to create that surface, which 

again is decided by the number of bonds and their strength that have to be 

broken. These dangling bonds then in turn determine how that surface interacts 

with species that it comes into contact with. When most think of surface energy, 

they consider liquid interaction with a surface, but it plays an equally important 

role when vapors interact with a surface. In CVD, it can determine the growth 

mode. 
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Material Surface 
energy 
(J/m2) 

Melting 
point 

Growth 
direction 

Growth 
mode 

SiO2 
(quartz) 

1.2 High Out-of-
plane 

Volmer-
Weber 

NaCl 0.5 High Mixed Mixed 
Graphite 
(HOPG) 

0.07 High In-plane Van de 
Merw 

Table 6.2.1 Surface energy of substrates.  

 

Figure 6.2.2 SEM of in-plane growth based on substrate tuning. 

HOPG%
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One question we think about is what precursor is this wettability referring 

to, and the answer is not simple. The precursors we initially start from are NbCl5, 

S8, and H2, but it is likely that none of these precursors’ wettability plays a role. 

The intermediate reactions of this pathway are yet to be explored, as the 

mechanism. But at some point during the reaction, an intermediate or precursor 

has to adsorb onto the substrate. It has to have the ability to easily diffuse at the 

reaction temperature. It is likely that the final intermediate that is able to diffuse 

freely will determine the crystal orientation. For example, if an intermediate 

species is NbSxCly that adsorbs on the substrate surface and then gets reacts 

with vapor phase H2S, its wettability will determine its orientation and then 

ultimately govern the crystal growth direction. For our purposes, macro trends are 

sufficient to develop the synthesis, but for the purpose of science and 

understanding, further investigation of the reaction process would be of interest. 
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Figure 6.2.5 Growth schematic for perpendicular grown crystals. 

We were able to grow nicely aligned and dense fields of NbS2 crystals, 

and while not the ultimate goal, we realized that it provided a yet-unexplored 

geometry and opportunity. Almost all spectroscopy investigations focus on 

through-plane beam direction, and thus measuring in-plane electric and magnetic 

field interactions. One reason this direction is chosen, is that 2D material exhibit 

many interesting in-plane properties, as varied as superconductivity in NbS2 to 

high electron mobility in graphene. But as interesting as these are, the out of 

plane properties remain entirely unexplored. On reason is likely that it’s very 

difficult to measure spectroscopically. Think about how it would be done. The 

beam would have to go in-plane, so that either the magnetic or electric field 

2H#NbS2'nanoplates'
on'bare'Si'(thickness'~675'um,'p#type'/'Boron,'resis@vity'>1'ohm*cm)'

20'μm'200'μm'

Zone'1:'
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200ºC#350ºC'

Zone'3:'
Si/SiO2'deposi@on'

substrate'
500ºC#800ºC'

Zone'2:'
NbCl5'

250ºC#360ºC'

H2/Ar' Exhaust'
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would be oriented out of plane. This would require a crystal thick enough in the z-

direction to allow sufficient interaction, and thin enough in one in-plane dimension 

to allow beam penetration, and thick in the other in-plane dimension. By having a 

densely grown region of small crystals perpendicular to a substrate, we can 

investigate these properties by aiming the beam perpendicular to the substrate, 

and parallel to the in-plane direction of the crystals.  

 UV-vis absorption 6.3.

Figure 6.3.1 shows an absorption spectrum from IR-to-UV. Absorption was 

also measure in the THz range, at which the sample appeared transparent. The 

existence of a transition, although gradual, can indicate a variety of phenomena. 

The size of the crystals, and their spacing can play a role. The breadth of the 

transition, although speculative, could indicate that the observed effect is non-

homogenous. This is likely because the flake size has some distribution, and 

touching of the flakes to their neighbors is also random. If the flakes are 

conductive and form a network, the size of the spaces will determine whether a 

frequency can travel through.  
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Figrure 6.3.1 UV to IR transmission of NbS2 crystals perpedicular to a z-cut 
quartz substrate. 

 NbS2 thin crystals 6.4.

As mentioned in the synthesis chapter, one sample using the NbCl5 + S8 + 

H2/Ar pathway appeared similar to analogous monolayer syntheses. In these 

optical images the darker hued regions indicate thin layers, the color determined 

by the refractive index as in (H. Li, 2012). Corresponding Raman spectra are 

below the figures. Monolayer sheets don’t show the NbS2 characteristic peaks, 

but show broad photoluminescence-like peaks. It is possible that thin layers 

undergo structural changes, or charge-density waves, that (Huang, Peng, Chen, 

Huang, & Ho) considerably change the material properties. It is also possible that 

UV#Vis& mid#IR&
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monolayers of NbS2 are unstable, and that these observed monolayers, are not 

NbS2, but form by reacting to either non-stoichiometric Nb-S layers, or even 

partially oxidized or otherwise doped layers. 

 

Figure 6.2.1: Monolayer-like crystals of NbS2. 

Thicker layers that are seen in some regions and attached to the 

monolayers, clearly show characteristic NbS2 peaks. 

This growth result was not reproducible after considerable effort to 

reproduce the results. The sample as shown was lost in an unsuccessful transfer 

~3nm%



 112 
 

to a TEM grid, so no further characterization details are available. It is worth 

noting, that even this result, was only found on a small region of the substrate, 

where the remainder of the substrate was covered in NbS2 vertical crystals. One 

likely reason of the difference in orientation is that the small region had a slightly 

different surface energy, causing in-plane growth as in (Ge et al.), which could be 

the result of incoming Si wafer, or processing. I think for interested students, 

further work on this synthetic path could be worthwhile, in which case I would 

recommend growing in larger regions with a variety of substrates/surface 

energies. 

 Lattice distortion observed in thin NbS2 6.5.

From HRTEM analysis of NbS2 nanosheets, we observed that some of the 

sheets in the ~20 nm range showed considerable lattice distortion (Figure 6.5.2). 

The diffraction pattern seen at each diffraction point is indicative of an organized 

superlattice structure. The intial hypothesis was that this long range modulation is 

due to possible CDW. CDW is seen in some TMDs, and typically has transitions. 

Group V TMD CDW transitions can be seen from Naito et al. in Fig. 6.5.2. The 

idea is that while NbS2 does not show CDW in bulk, it’s possible that there is a 

transition from thick to thin sheets. The other hypothesis is that this is a ripple 

structure stabilization as seen by others in 2D materials. (Bertolazzi et al.; Meyer 
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et al.) Figure 6.5.1 shows HRTEM for thinner NbS2 sheets ~3 monolayers, which 

do not show this lattice distortion.  

 

 

Figure 6.5.1: TEM of thin (<10nm) vapor grown NbS2. Ack: Wu Zhou. 
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Figure 6.5.2: TEM of ~20nm thick vapor grown NbS2. Ack: Wu Zhou. 

 

Figure 6.5.3: CDW from temperature dependence of resistivity of group V 
TMDs. Adapted from (Naito & Tanaka, 1982). 

 Conclusion 6.6.

The purpose of this chapter was to explore the unique aspect of 

directionality and anisotropy in layered materials as well as to combine some side 

projects revolved around the exploration the group V TMDs. NbS2 is considered a 

metal in-plane, with low conductivity out-of-plane. All prior work on these 

materials has only focused on optical measurements perpendicular to the basal 

plane. In this way, the electric field portion of the electromagnetic light is in the 

(M.$Naiko,$S.$Tanaka)$

•  Unusual$to$see$CDW$in$NbS2:$no$
previous$reports$of$this.$

•  Thickness$dependent?$
•  Induced$by$impuriFes,$vacancies,$
doping?$

•  ComposiFon$and$phase$
confirmed,$Raman$modes$match$
literature$reports$of$2H$phase.$

•  What$is$the$best$way$to$study$
this?$
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direction of the basal plane, allowing maximum interaction with electrons. In this 

chapter we explored methods to take measurements parallel to the basal plane. 

In addition we showed some thin-layer NbS2 growth results and measurements 

as well as lattice distortions observed in some NbS2 crystals. 

! !
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Appendix A 

Quantifying the mechanism of ion conduction in polymer 

electrolytes based on poly(ethylene oxide)+LiClO4 and 3-

trimethoxysilyl-propyl-methacrylate coated SiO2 

Solid polymer electrolytes have been an interest of research for several 

decades as an alternative to liquid or gel electrolytes commonly used in lithium 

ion batteries. We present a model that considers effects of 3-trimethoxysilyl-

propyl-methacrylate coated SiO2 nanofillers in PEO+LiClO4, in an effort to 

quantify filler effect on ionic conductivity. We consider independently free-volume 

as determined from PALS, salt dissociation as determined from Li+ NMR, 

aggregation from SEM, and ion blocking, while varying filler particle size and 

concentration. By correlating these factors to the measured ionic conductivity in 

our samples we are able to verify our model and relate it to our system. 

Solid polymer electrolytes have been an interest of research for several 

decades as an alternative to liquid electrolytes commonly used in lithium ion 

batteries. Replacing liquid electrolytes with solid electrolytes has several 
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advantages, namely, increased safety, simple processing, and geometric 

variability, in particular thin film batteries. Solid electrolyte batteries have no need 

for liquid containment, cannot leak, and thus the electrolyte serves also as a 

structural component. Technologies combining energy storage and structure into 

single components are of interest in mobile devices where size, weight, and 

component savings are important. 

Ion conductivity can be modeled using the Drude model of electrical 

conductivity, 

, (1) 

where σ is the conductivity, z is the ion charge, µ is the charge carrier 

mobility, and n are the number of carriers. 

In general, inorganic fillers added to polymer electrolytes increases ionic 

conductivity. Increase in free-volume due to the addition of fillers is thought to 

contribute to ion mobility by increasing polymer chain mobility. Some groups 

have shown that an ferroelectric fillers cause an even higher increase in ion 

conduction, while others have seen similar results by using porous fillers. The 

increase in ion conduction is partially linked to an increase in salt dissociation, 

which increases available charge carriers. Surface dipoles at the filler-polymer 

interface are thought to add to the same effect. 

When dissolved in PEO, LiClO4 forms complexes near the ether linkages in the 

€ 

σ = zµn∑
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polymer. This complexation lowers the energy of salt dissociation states and thus 

results in a high number of charge carriers. Complexes occur with a ratio of 3:1 

between PEO and LiClO4. Ions are thought to diffuse through the polymer by the 

Tarzan effect—jumping from one ether linkage to another as polymer chains 

wiggle around. Some groups have seen a decrease in ion conductivity with fillers. 

Decreases in ionic conductivity have been seen in materials with higher amounts 

of fillers as particle agglomeration lessened the free-volume effect and high filler 

amount block ion conduction. Ultimately, physical blocking of ion travel 

decreases ion conduction as filler concentration increases. 

Using Cohen and Turnbull equation (Frey, Reynolds, Friend, Cohen, & 

Feldman) for ion diffusion and Nernst-Einstein equation for relating ion diffusion 

to conductivity, the expression for ion conductivity of polymer electrolyte is 

obtained as  

  (3) 

 

where q is the ion charge, n is ionic concentration, k is Boltzmann’s 

constant, and T is the temperature, γ is the overlap correction factor, and Vf  is 

the free volume, and V* is the critical volume. Including the effects of fillers in 
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Equation 1, we obtain a ratio of conductivity of filled polymer to unfilled polymer 

as 

 

  (4) 

 

where   , , Fb is the adverse blocking effect of fillers, 

Fag is the filler aggregation effect. Note that the constants C1 and Do drop out of 

Equation 2. 

The lithium ion concentration increase indicating enhanced dissociation of 

the Li salt, with respect to filler content can be expressed as  

 (5) 

 

The free volume expansion with respect to filler content can be assumed 

to be a linear function of filler content expressed as  

        (6) 
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The adverse effects, can be expressed as  

  (7) 

 (8) 

We can simplify the expression for ion conductivity of filled polymer 

electrolyte in terms of enhancement and degradation factors as  

 (9) 

 (10) 

where Fch and Ffv are the charge and free volume enhancement factors, 

respectively, and are expressed as   

 (11) 

 (12) 

Poly(ethylene oxide) and LiClO4 were separately dissolved in acetonitrile 

and then mixed together. After a homogeneous solution, a suspension of silica 

particles in acetonitrile was added. The new suspension was sonicated and 
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stirred until homogenous. The sample was placed into an even at 50°C and 

under vacuum for 2 hours. The viscous suspension was deposited onto a 3 cm 

diameter stainless steel disk. The composite was dried at RTP for 5 hours. A 

similar 2 cm diameter stainless steel disk was pressed onto the top of the film 

and samples were dried in an oven for 24 hours at 50°C vacuum. Complex 

resistivity was measured using an AUTOLAB Electrochemical Instrument. 

Following the procedure by Watanabe et al, the ionic conductivity was calculated. 

Sample films were similarly made on Teflon discs. These samples were 

characterized with PALS, SEM, and Li+ NMR (Bruker Digital NMR Avance 200). 

Size!effect!of!filler!particles!

Colloidal silica was synthesized via the Stoeber process. Reaction conditions 

were modified for different samples to give differing particle sizes. Following the 

reaction, silica suspensions were centrifuged and washed with methanol to 

dissolve out unreacted species. Following a procedure by Posthumus et al, the 

silica nanoparticles were then grafted with 3-trimethoxysilyl-propyl-methacrylate. 

Coated particles were suspended in acetonitrile and composite samples were 

made and characterized analogously to the previously discussed samples. 

TEOS, NH4OH, EtOH, MeOH, PEO (mw=400), 3-TPM, and Acetonitrile were 

ordered from Sigma-Aldrich and were used as received without further 

purification.  
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Figure 2. Ionic conductivity of PEO+LiClO4+hydrophobic fumed 

silica (R805) at varying silica concentrations. 
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Figure 3. Ionic conductivity of PEO+LiClO4+3-TPM coated silica 

nanoparticles at varying silica particle sizes. 

Addition of fumed silica nanoparticles increased ion conduction by roughly 

half an order of magnitude in the lower salt concentration samples. PALS data 

shows a higher free-volume for these samples, which leads to and increase in 

chain mobility and thus ion motion. Li+ NMR shows that fillers also lead to higher 

Li+ concentration do to higher salt dissociation. In these particles, higher salt 

dissociation is thought to be caused by dipoles at the polymer-filler interface. At 

higher filler concentration, ion conductivity decreases for both salt ratios. This is 

partially attributed to the aggregation effect of filler particles as seen in SEM. With 

larger aggregates of particles the specific surface area becomes smaller and the 

above effects are less prominent. In addition, the physical blocking of the silica 

fillers is thought to decrease ion conduction in these samples. 

In the samples with 3-TPM coated Stoeber silica nanoparticles, a high 

ionic conductivity is observed. Specifically, the samples with 700 nm size had an 

ionic conductivity of about an order of magnitude higher than pure PEO samples. 

The same mechanisms that were discussed for the fumed silica are thought to 

apply.  The coating was selected for several traits. Firstly, the reaction gives an 

even coverage of the oxide by reacting with hydroxyl groups and forming a 

monolayer on the oxide. The hydrophobic nature keeps water from adsorbing 

during handling and moisture from accumulating near the filler particles. The high 
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dipoles within the acrylic surface group are thought to increase salt dissociation. 

Specifically, the Li+ ion can form a low energy complex with the electronegative 

oxygen terminus. While the surface group does not have true resonance 

structures, minor electron delocalization from the vinyl terminus to the ether 

linkage of the backbone lends itself well to some polarizability the as cations 

move near this surface. The surface group also lets the particles disperse well in 

acetonitrile, which improves dispersion given our processing technique. 

The addition of silica nanoparticulate filler increased the ionic conductivity 

of PEO+LiClO4 in both R805 and 3-TPM SiO2, although not at all concentrations.  

Filler concentrations between 5-10% saw the highest increase in the ionic 

conductivity of PEO+LiClO4. A size-effect study showed that 700 nm 3-TPM 

coated SiO2 gave the highest ionic conductivity (1.2e-4 S*cm), as compared to 

smaller particles. Larger sizes were not explored. The 3-TPM surface coating 

seemed to improve the ion conductivity more than the coating of the R805. This 

shows the significance of even minor differences in surface coating. 
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Appendix B 

Oxidation observation of TaS2 crystals 

During the long effort of growth, occasionally experiments would go wrong. 

In one such case, there was an oxygen leak at the interface between a coupling 

and the quartz tube. This allowed oxygen into the growth system, which at the 

end of the growth cycle, when there is no more sulfur to immediately react with 

any incoming oxygen, could make its way to the grown TaS2. At the elevated 

temperature near the end of growth, this causes the oxidation of TaS2. Since this 

is essentially a solid-state conversion from TaS2 to Ta2O5, the macroscopic 

crystal shape is somewhat maintained, and the result is a porous microstructure 

of the oxide. In some cases one the edges that outline the crystals remain. It’s 

interesting in the sense that edges are usually expected to react first, due to their 

lower coordination and thus lower stability, but any rationalizing of the structure 

from conversion mechanisms would be too speculative. 
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Figure B.1: SEM images and corresponding EDX spectrum of oxidized TaS2 
crystals. 

Exploring this conversion in more detail was beyond the scope of this 

thesis, but I wanted to include it so that others that might be interested in creating 

micro-porous tantalum oxide structures are aware of the unique structure 

resulting from this conversion.  

  



 127 
 

Chapter 7 

Conclusion 

Conclusion: 

Each chapter already has its own technical conclusion, so I wanted to use 

this section to discuss what I think are the most important advances that this 

work provides. Overall, we developed a method and understanding of vapor 

phase synthesis of TaS2 and NbS2 into various forms including nanosheets and 

nanotubes. Their layered structure is interesting for a variety of physical reasons, 

such as allowing isolation into monomolecular layers. This is interesting for the 

same reasons that 2D materials such as graphene and MoS2 are interesting—

and so in some sense it was to be expected. What I think is more profoundly 

useful, because there was previously no notion that this would be interesting, is 

that these materials can spontaneously self-exfoliate while working as a 

hydrogen evolution catalyst. This is the result of a very simple physical 
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phenomenon, whereby because of surface activity for the catalyzed reaction, and 

the gas phase product of the reaction, gas is created within the material, between 

layers. The rapid expansion of the gas from its creation to its existence in 

ambient atmospheric conditions causes layers to separate into thinner and 

thinner sheets. This exposes more and more catalytically active area, which in 

turn improves its own performance as a catalyst. This phenomenon by itself is an 

interesting attribute of layered 2D materials, but is even more important to 

illustrate that the 2D materials are not only because of 2D confinement of 

electrons or phonons, but rather on a more fundamental level of being 2-

dimensional. I think it’s always interesting to take a step back and really think 

about what 2D materials may offer, and the possibilities are endless. 

The course of this work has been a journey into little explored territories. 

The most challenging part was many times finding a problem statement, rather 

than solving one. And in that regard, human innovation is interesting, in that it is 

often guided more by our economy and society, than by itself. And even when 

innovation happens organically, it often occurs in such small incremental steps, 

that sight of the bigger picture is lost. Out of the learnings that I have made, I 

think the most valuable has been to gain awareness of this dynamic, and to 

realize that to make progress, it is important to solve the problems in front of us, 

but even more so to understand the problems, and to come up with our own—

because those are the ones that would otherwise never be solved. I don’t 

think I could have had this learning anywhere else. 
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