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ABSTRACT

TAO SHENG. Controlled growth and property measurement of one-dimensional oxide
nanostructures for energy applications. (Under the direction of DR. HAITAO ZHANG)

Transition metal oxides (TMOs) exhibit rich structures and useful properties and could be

used in applications of solar energy harvesting (e.g., photoelectrochemistry, photocatalysis,

and photovoltaics) and energy saving (e.g., electrochromism and photochromism). Nano-

engineering of these TMOs could produce a variety of nanostructures, modify the electronic

and optical properties, and potentially enhance the performances and extend their applica-

tions into new regimes. To fully harvest the advantages of these materials, a scalable growth

method and a comprehensive understanding towards the growth-structure-property relation

must be established. This doctoral study focused on one-dimensional (1D) nanostructures of

tungsten trioxide (WO3) and molybdenum trioxide (MoO3). This dissertation synthesized

1D WO3 and MoO3 nanostructures using the chemical vapor deposition (CVD) approach,

characterized the morphologies and structures, and measured the optical properties of the

as-prepared nanostructures. This dissertation consists of three main parts, each centering on

WO3, MoO3, and WO3-WS2, respectively. Systematical investigation of the WO3 nanostruc-

ture prepared by the CVD method with tungsten powders as precursor led to the following

accomplishments: a) the discovery of Na5W14O44 nanowires (NWs); b) a knowledge of

the delicate role of sodium in tungsten source powders; and c) a seeded growth method to

produce high quality WO3 NWs. Enlightened by the intricate interactions between sodium

content and tungsten oxide, this dissertation extended the vapor-liquid-solid strategy in to

MoO3 1D nanostructure growth and discovered two morphologies of MoO3: long nano-belts
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and micro-towers. Careful observation in extensive experiments identified the catalytic

role of sodium hydroxide during the growth of MoO3 and readily proved that the catalytic

behavior also exists with other alkali metal compounds. The third part of this work moved

the investigation center from growth to structure and property characterization. A novel

integrated structure-property (transmission electron microscopy-Raman spectroscopy, TEM-

Raman) study was performed on WO3-WS2 core-shell NWs, allowing for the observation of

high resolution TEM imaging, Raman spectroscopy, and photoluminescence spectroscopy on

individual nanowires. The TEM-Raman combined results further illustrated that the profiles

of resonant Raman spectra exhibit strong dependence on the wall number of WS2. This

Raman fingerprints can provide a rapid approach for the optical identification of few-walled

WS2 tubular structures.

In summary, this study explored methods for controlled and scalable growth of 1D

WO3 and MoO3 nanostructures based on both vapor-solid and vapor-solid-solid approaches,

characterized the structure-property relations to rationalize nanostructure synthesis for energy

applications, and presented preliminary results for the device fabrications using the WO3

and MoO3 nanostructures.
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CHAPTER 1: INTRODUCTION

1.1 Background and Motivation: Nanomaterials for Energy Applications

Transition metals generally refer to any element in the d-block of periodic table, and

transition metal oxides (TMOs) mean the chemical compounds that consist of at least one

transition metal element and oxygen. Similarly, transition metal dichalcogenides (TMDCs)

are compounds that combine at least one transition metal with chalcogen elements from

group VIA (S, Se, Te, Po).1 Both tungsten (W) and molybdenum (Mo) belong to Group VIB

transition metal with outer shell electrons configuration as and , respectively.

This study focused on the following three materials: molybdenum oxide (MoO3), tungsten

oxide (WO3), and tungsten disulfide (WS2).

The two metal oxides, MoO3 and WO3, have been studied for decades for energy related

applications, e.g., photoelectrochemistry,[1] photocatalysis,[2, 3] photovoltaics,[4] and

electrochromism.[5, 6] WS2 has also been investigated in various morphologies, i.e., thin

films, nanotubes, and 2D atomic layers recently. WS2 exhibits potentials in solar cells,[7]

water cleavage,[8] and field effect transistors.[9] Heterostructures formed between TMO

and TMDC provide another degree of freedom to fine tune the band structures, which could

enhance the solar energy harvesting performances.[10]
1Oxygen also belongs to group VIA, but is often treated separately.
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1.1.1 Electrochromism for Energy Saving

Commercial buildings in U.S. consumed approximately 35% of the electricity usage.[11]

And traditional windows in the buildings account for up to 40% of the total heating, cooling,

and lighting consumption, which is of low energy efficiency. Smart window is an energy

efficient answer by allowing for separate control of the visible and NIR illumination/transmis-

sion. Several solutions have been proposed in both academia and industry to develop smart

windows, including liquid crystal, suspended particles, and electrochromic materials.[12]

Previous efforts show the electrochromic materials is the most promising component in

smart window design in comparison to other options,[13] in that it requires little power to

switch between bleaching and coloration status (changing the optical transmission) and the

failure mode is being clear instead of opaque, which is of great importance in commercial

applications.

Electrochromism, where the optical property of the materials is changed upon applying

low DC voltage (<5 V), has been found in numerous inorganic and organic substances, e.g.,

V2O5, WO3, and NiO for the former group, and prussian blue and polyaniline for the latter

one. This study covers two inorganic metal oxides, WO3 and MoO3. Detailed electrochromic

mechanism will be discussed in Chapter 1; a brief review of electrochromism study on WO3

is presented here.

Prototype ECD usually consists of a stacked configuration, as shown in Fig. 1a. Typical

transmission spectra of the prototype ECD based on WO3 thin film are shown in Fig. 1b,[12]

where optical transimission in bleaching and coloration states exhibit dynamic changes.

The reflectance spectra of WO3 ECD strongly depends on the device design.[14] As to the
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(a) (b)

Figure 1: ECD prototype and its transmission properties. (a) Schematic diagram of electrochromic
device (ECD), and (b) optical transmission in color and bleached states, reproduced from [12]

absorption, it was deduced that the infrared part was absorbed to a large extent, which was

radiated again. Assuming the emission property of ECD being that of the blackbody, Fig. 2

displays the wavelength distribution of spectral radiance, where the spectra span from 3 m

up to 30 m, with peaks around m. Further thermal engineering is needed to better

regulate this infrared radiation.

Figure 2: Spectral radiance of blackbody at 0, 50 and 100 °C predicated by Planck's Law.

The successful deployment of ECD based on WO3 relies on several factors:[15]

• low cost transparent conductive materials with low resistivity;

• low cost ion electrolyte of poor electron mobility;
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• high yield growth method of WO3 and integration with other manufacturing process;

• life cycle for long time outdoor usage.

The deficiency of ECD based on amorphous or polycrystalline WO3 film was the accu-

mulation of ions at the film surface preventing further intercalation,[16] which led to low

coloration efficiency and short life time. In contrast, nano-structured single crystalline WO3

could bypass this limitation, as detailed in Sec. 1.1.3.

1.1.2 Photocatalysis for Solar Energy Harvesting

Photocatalytic activity occurs at the semiconductor-electrolyte interface where charge

carriers (electrons or holes) are produced in a semiconductor illuminated by photons of

energy exceeding that of the band gap, then drift and generate free radicals, i.e. OH , enabling

further reactions. A much desired goal is water splitting using photocatalytic activity from

solar energy. Semiconductor is in the center of photoelectrochemical cell design for water

splitting, e.g. the band gap should be within eV, and conduction band (CB) edge

should be more negative than reduction potential of H+/H2, whereas the valence band (VB)

top should be more positive than the oxidation potential of H2O/O2.[17, 18] The valence

band holes (h+) oxidize water to oxygen, and conduction band electrons propel hydrogen

generation, as depicted in Eq. 1.

(1a)
(1b)

As shown in Fig. 3, WO3 has CB edge positioned slightly more positive than the reduction

potential of H+/H2 versus normal hydrogen electrode (NHE) and VB edge much more

positive than the oxidation potential of H2O/O2; therefore, photo-cleavage of water cannot
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Figure 3: Band position of WO3 in contact with aqueous electrolyte at pH 1. Reproduced from
Ref.[19]

be accomplished by WO3 alone. Nevertheless, a tandem cell approach by WO3 film and

dye-sensitized TiO2 has been demonstrated with an efficiency of 4.5%.[20] It is worth noting

that green plants also have two photosynthetic systems connected in series, one for oxidation

of water into oxygen and the other for fixation of carbon dioxide. Moreover, favorable oxygen

evolution of WO3 has brought good performance in degradation of organic compounds.[2,

21, 22] The formation of long-lived holes is recognized as a key requirement.[23] Besides,

WO3 is remarkably stable in acid (pH ), making it a significant candidate for treating

water pollutants caused by organic acids.[24]

1.1.3 Advantages of Nano-Engineering

Several differences are noted between bulk materials and nanostructured materials. Nanos-

tructured materials possesses gigantic surface area in comparison to its bulk counterpart

of the same volume; for instance, given 1 gram SiO2 nanoparticles in diameter of 10 nm

and assuming the density being 1.2 g/cm , the estimated surface area will be cm .
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This huge surface-to-volume ratio is generally a favorable feature for catalytic reactions,

which predominately occur on the surface.[25] Other features due to nanostructure include

a) surface energy state, thereby band structure modification; b) quantum confinement effect;

and c) different charge-separation and transport mechanism. Overall, these features usually

promise enhanced performance.

In regarding to the contents of this study, electrochromic applications based on TMO

nanowires will benefit from the reduced diffusion depth by eliminating the deficiency of

ions accumulation in amorphous oxide thin film devices, which in turn leads to shorter

response time and higher coloration efficiency.[26, 27] And photocatalytic applications

using TMO nanostructures could harvest the huge surface area on which unsaturated bonds

reside, thereby enabling a much higher efficiency.[10, 28, 29] To fully use nano-engineering,

one must just be as aware of the limitations as one is of its advantages; for example, an

obvious disadvantage is the difficulty of device fabrication using nanomaterials due to the

size and requirements of new integration processes. There also exist some uncertainty as to

the energy band modification present in nanostructures, which could be either useful or not

depending on the application.[18]

1.2 Scope and Dissertation Outline

To fully harvest the advantages of these TMO and TMDC one-dimensional nanomaterials,

a scalable growth method and a comprehensive understanding of the growth-structure-

property relation must be established in the first place. This study primarily focuses on the

WO3 and MoO3 nanostructure synthesis, the growth mechanism study, crystal structures

characterization, and optical properties measurement.
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The materials studied in this dissertation are tungsten oxides (WO3), molybdenum oxides

(MoO3),and tungsten disulfide (WS2). Experimental tools will be mentioned in Chapter 2,

including the CVD apparatus and substrate treatments for growth, electron microscopes and

optical spectrometers for characterization. Chapter 3 is devoted to tungsten oxides (WO3)

and sodium tungsten oxides (Na5W14O44) nanowires, where the role of sodium in metallic

tungsten precursors are thoroughly investigated; a potentially scalable growth method is

also developed. Chapter 4 turns to molybdenum oxide (MoO3) growth using alkali metal

compounds as catalysts. In Chapter 5, a heterostructure based on WO3 nanowires (NWs) is

studied. Emphasis will be placed on the characterization of individual WO3-WS2 core-shell

NW. This dissertation is concluded with summary and future work.



CHAPTER 2: EXPERIMENTAL TOOLS

In this study, the nanostructures were grown in a home-built chemical vapor deposition

(CVD) system and characterized using both electron microscopy and optical spectroscopy

methods, including scanning electron microscopy (SEM), X-ray diffraction (XRD), energy

dispersive X-ray spectroscopy (EDX), transmission electron microscopy (TEM), Raman and

UV-Vis spectroscopy. A detailed description is given to the CVD system. General sample

and substrate preparation methods are also briefly introduced. For mature processes and

techniques, the contents are limited to the extent where experienced material researchers

could repeat the experiments performed here. Some details are mentioned in particular to

perform the nanostrucutres characterization in a proper way.

2.1 Synthesis Equipments and Processes

2.1.1 Home-built Chemical Vapor Deposition System

The syntheses were accomplished in a home-made hot-wall CVD system. The reaction

chamber and a schematic drawing of whole system can be visualized in Fig. 4. The reaction

chamber consists of fused silica tube and a thermal furnace. The furnace is made by two

semi-cylindrical ceramic fiber heaters (WATLOW, Inc.) with power density from 0.8 to 4.6

W cm . Quartz tube (Quartz Sci, Inc.) of 1 inch diameter is inserted into the furnace serving

as the reaction chamber. A mechanical pump is connected to maintain the low pressure

environment inside the chamber. The length of heating zone is 6 inch, with 1 inch cooling

zone extending outward on each side. Carriers gas argon (Ar) and reactant gas oxygen (O2)
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are regulated by mass flow controllers.

(a)

(b)

Figure 4: Home-built low-pressure chemical vapor deposition system. (a) Photograph of reaction
chamber. (b) Sketch of CVD system, where A1: quartz tube; B1: bubbler; C1-2: gas cylinders; E1:
mechanical pump; H1-2: ceramic heater; MFC: mass flow controller; P1: pressure gauge; V1-4:
needle valves; V5-7: butterfly valves.

The controllable parameters of this CVD system include the central heating temperature,

the absolute gas flow, amount of source materials, and the location of substrates. The

operation capability is summarized in Table 1. The heating temperature profile measured

at different settings in ambient environment is shown in Fig. 5. There exists a uniform

heating zone in the center area, spanning over about 2 inch; then descends gradually

within the 6 inch heating zone and decreases rapidly at the rest part. In this study, a zero

position referred as 0 inch is defined at the upstream edge of reaction chamber covered by the
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Table 1: Home-built CVD parameters

Flow
Temperature Pressure Ar O2

°C mTorr sccm sccm
Range RT - 1100 10 mTorr -1 atm 0 - 100 0 - 30
Resolution correlated to flow 1 0.1

furnace. In typical growth, the substrates are positioned just outside the downstream heating
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Figure 5: Temperature profile of home-built CVD in ambient environment.

zone, since within this region the vapor of growth species undergoes a rapid temperature

gradient, and precipitation occurs. After the chamber is heated to target temperatures, the

source material (tungsten and molybdenum powders) placed in the furnace center is oxidized

and evaporated. The growth species, transported by carrier gas, bombard both substrate and

chamber wall. Some will be adsorbed by the substrate and become adatoms, while some

may remain as gas molecules, waiting for another event. On the hot substrate, adatoms

diffuse and do not settle down until finding an appropriate location where equilibrium is

favored. Detailed growth conditions will be introduced in the corresponding experimental
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section of Chapter 3, 4, and 5.

2.1.2 Substrates Treatments

Silicon (Si) and 1 m silicon dioxides on Si wafer (SiO2-Si) (University Wafer Inc.) were

primarily used. Other substrates were also employed, i.e. Mica2, glass (Fisher Scientific,

microscope slide, 12-549),3 and stainless steel. Si and SiO2-Si substrates were first cut into

rectangular pieces and then ultrasonically cleaned (Branson 1510R-MTH) with acetone

and alcohol for about 15 min, each followed by blow-drying with nitrogen gas. After

solution cleaning, the substrate surface is usually hydrophobic. Depending on the specific

experimental requirement, a hydrophilic surface may be required. A plasma cleaner (Kurt

J Lesker, Plasma-Preen 862) was used to render a hydrophilic Si surface, where reaction

among , O+, O2
+, O--,O2 occurs, and OH-terminated surface followed.[30] The treatment

proceeds at 2 Torr O2 for 3 min. Glass substrate cleaning procedure was the same as that of

Si. Mica substrates were cleaved right before the growth without extra cleaning steps. In

addition, substrates can be coated with a thin layer of metal before growth. This process

will be covered in Sec. 2.1.3.

2.1.3 Magnetron Sputtering

Sputtering, a process in which atoms are ejected from a solid target material by bombarding

it with energetic particles, is a well established physical vapor deposition (PVD) process with

a high degree of controllability. The high energy and controllable parameters of sputtering

can result in the growth of well-structured and crystalline films. Further, sputtering can

be easily implemented as a roll-to-roll process for large-scale manufacturing. It is widely
2K(Al2)(Si3Al)O10(OH)2
3Typical composition is 72.6% SiO2, 0.8% B2O3, 1.7% Al2O3, 4.6% CaO, 3.6% MgO and 15.2% Na2O
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utilized for deposition of WOx in industry.

In this work, magnetron sputtering (Denton Vacuum Desk IV) was used to coat thin layer

of metals onto cleaned substrates. As shown in Fig. 6, the metal target is the cathode, and the

specimen is anode. A dc voltage is applied to ionizes the argon gas, and a permanent magnet

behind the target focuses the gas plasma onto the target and also deflect electrons from the

sample. These ions are then accelerated to bombard the target foils, knocking out active

atoms which subsequently deposit onto the substrates. Ar+ ions are accelerated to target

Figure 6: Schematic drawing of magnetron sputtering system. Reproduced from Ref.[31]

foils. The pressure of Ar+ has two functions: to sputter off the target ions and to influence

the mean free path (MFP). These collisions between target ions and Ar+ lead to almost all

arrival angles, thus uniform coverage. The sputtering yield is number of target ions released

per ions hitting on target. If Ar+ ion energy is less than 100 eV, the yield is zero; if larger

than 10 keV, implantation of Ar+ into target foils occurs. Usually, yield between 1 and 2 is

desired. The MFP in sputtering is on order of 3 cm (assuming pressure of 30 mTorr). With
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source-to-substrate distance as 5 cm, average number of collisions is about 5/3 2.

A common purpose of sputter coating is to facilitate SEM observation. Pure gold tar-

get can be used for low-magnification studies; a platinum target will deliver satisfactory

result for medium-to-high resolution studies. For high-magnification studies, a target of

gold-palladium alloy is a good choice because the epitaxial growth is limited.[31]

2.2 Characterization Tools

2.2.1 Scanning Electron Microscopy (SEM)

The SEM instrument used in this study is JEOL JSM-6480. The electron beam (E-beam)

source is a tungsten filament heated at about 2800 K.[32] The acceleration voltage can be up

to 30 kV. After acceleration, electron beam strikes the sample mounted on specimen stage

producing rich signals, as illustrated in Fig. 7. Depending on the energy and scattering angle,

Figure 7: Schematic drawing of electron-matter interactions in SEM.[33] Some processes are not
shown, such as Auger emission.

the out-coming electrons from specimen can be grouped into backscattering electron (BSE)

and secondary electron (SE), respectively. SE is generated from the emission of valence band

electrons. And due to the limited energy ( eV), the emission from deep region is mostly
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absorbed again; only those electrons that are at the vicinity of specimen surface can escape.

Hence, the SE image is topographical sensitive. The emission efficiency is strongly affected

by the geometry (tilting angle of specimen surface) and voltage potential (charging effect),

so does the contrast in SE image. On the other hand, backscattered electron could have large

energy close to that of incident E-beam. The scattering cross section strongly depends on

atomic number Z, thus allowing for the compositional analysis. The X-ray emission stems

from inner shell transition of the constitutive atoms, and cathodoluminescence arises from

band gap transition.

In this study, secondary electron images were mainly used to reveal the morphology of the

samples. Unless otherwise noted, the SEM images were acquired using 10 kV acceleration

voltage, 10 mm working distance, and 30 spot size.

Charge effect could arise on the samples grown in this study, leading to anomalous contrast

on the images. Several measures could be taken to alleviate this adverse influence, including

adjusting the acceleration voltage, tilting the specimen, and coating a thin layer of metal.

Sometimes when an area is scanned for a long time at high magnification, the surrounding

region could appear brighter after switching to a lower magnification. This is a sample

contamination, due to the E-beam induced polymerization and deposition of hydrocarbon

molecules in the vicinity of that smaller area.

2.2.2 Energy Dispersive X-ray Spectroscopy (EDX)

Energy dispersive X-ray spectroscopy provides compositional information attaining to the

studied sample because of the characteristic X-ray emission from each constitutive element.

EDX unit is usually attached to another electron microscopy, SEM or TEM. In this study,
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the SEM-attached EDX was primarily used. The X-ray detector (INCA 7573-M, 10 mm

Si cooled by liquid nitrogen) is equipped with a super thin window enabling light element

detection, such as boron. Typical working parameters of EDX detection in this study include

20 kV acceleration voltage, 10 mm working distance, and 60 s analysis time.

To obtain quantitative results on EDX spectra, special attentions should be paid to the

following aspects: a) elemental distribution in an X-ray generation area is uniform; b) the

specimen surface is flat; c) the electron beam enters perpendicular to the specimen; and

d) a reference sample consisting of identical elements and known ratio is used. Even for

qualitative analysis, ambiguity exists when the lines of lighter elements overlap with

lines of heavier elements; for instance, Na- (1.041 keV) interferes with lines of Zn

(1.009 keV) and Cu (0.928 keV). Overall spectra and growth conditions should be weighted

against possible wrong assignment.

2.2.3 X-ray Diffraction (XRD)

Crystal structures of the as-synthesized specimens in this study were characterized using

PANXpert Pro MRD with Cu K radiation at =1.5418 Å. The high energy photon flux

( eV) was generated by using accelerated electron beam from

tungsten filament to bombard Cu target. The configuration was primarily used, as

shown in Fig. 8. When striking onto the crystal, these photons are scattered by the lattices.

Since the wavelength of X-ray is similar to the lattice spacing, the scattering events interact

coherently. Only at specific angles constructive interference occurs, and a diffraction peak

registers when the detector is scanned across that angle. The as-synthesized specimens

were mounted onto diffractometer in a way that the X-ray will illuminate interested region
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Figure 8: Bragg-Brentano geometry used in XRD configuration.[33]

during the whole scanning. Typical settings used were summarized in Table 2. The 1D

Table 2: XRD settings used in this study

Name Value Name Value
Voltage 45 kV Current 40 mA
Divergence slit 1/32 (alignment)

1/2 (scanning)
Receiving slit Parallel collimator

Soller slit 0.04 rad Collimator Parallel plate 0.27 rad
Scan range Step size 0.02

nanostructures in this study usually grew with preferred orientation; therefore, they cannot

be treated as powders. The interpretation of XRD patterns could become difficult somehow.

Two possible approaches were suggested to bypass this difficulty: one is using grazing

angle XRD which could reveal in-plane domain sizes and orientations;[34, 35] the other is

combining XRD with alternative techniques, such as Raman and TEM. The latter approach

was pursued in this work.

2.2.4 Transmission Electron Microscopy (TEM)

TEM qualifies as a powerful and versatile tool for material characterization. Akin to

the electron-materials interaction introduced in Sec. 2.2.1, various signals are generated

when the thin specimen is radiated by electron beam. Besides the selected area electron
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diffraction (SAED) pattern and high resolution TEM (HRTEM) imaging, other TEM based

techniques include convergent electron beam diffraction (CEBD), EDX, electron energy

loss spectroscopy (EELS) and cathodoluminescence (CL), etc; therefore, TEM is essentially

a signal-generating and detecting tool.[36] Fundamental physics of electron scattering is

needed to obtain a comprehensive understanding of these TEM related techniques, and only

a brief summary is given here.

Electron scattering is dictated by Coulomb interaction, and can be characterized by the

following four aspects: the cross section (scattering probability), differential cross section

(scattering angle), mean free path, and inelastic or elastic scattering. The cross section in

m , which when divided by area of targeting atom, represents a probability that scattering

event will occur. Differential cross section for an isolated atom is

where is scattering angle in radians, is solid angle in steradians (sr), and is half of

the scattering angle. The total cross section is just times atom numbers in unit volume.

The mean free path is the inverse of , that is .

The spatial distribution of scattering is observed as contrast in images, and angular

distribution is viewed in form of diffraction patterns. The positions of diffracted E-beams

are determined by size and shape of unit cell, and intensities are governed by distribution,

number, and types of atoms in the specimen.

JEOL JEM-2100 TEM with a LaB6 filament operated at 200 kV was used in this work. A

numerical comparison between the scattering events in XRD and TEM is provided to visualize

the difference in these two techniques. In both processes, the constructive interference is
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described by , where is crystal plane distance, is incident wavelength

(photon or electron), and , again, is half of the scattering angle. Table 3 demonstrates

the origin of difference in these two techniques. This small scattering angle determines

Table 3: Scattering angle difference of Si(111) in XRD and TEM

Si(111) spacing Source Wavelength scattering angle( )
3.135 Å Cu K 1.541 Å 28.45
3.135 Å 200 kV 0.0251 Å 0.45

the way of secondary signal usage in TEM. In analogy to the diffraction-limited resolution

in conventional lens optics, the ultimate resolved point distance in TEM should be on the

order of electron wavelength used, which is 0.025 Å at 200 kV. Without correction of the

spherical aberration, the current resolving power in TEM is on the order of 1.0 Å. The

nominal resolution of JEM-2100 is 2.3 Å. Nevertheless, it is much easier to fine tune the

power (focal length) of lens in TEM than in conventional optics. This capacity enables other

observation approaches that would be rather difficult, if not impossible, to be realized in

lens optics, such as generating SAED pattern.

In this study, a JEOL double tilt holder was used to rotate the crystal orientation. TEM

images and SAED patterns were acquired using a charge coupled device (CCD) (Gatan,

Inc.). EDX spectroscopy was captured by similar Oxford Instrument INCA attachment

introduced in Sec. 2.2.2. To make the best out of TEM analysis, one also needs to be aware

of the limitations of TEM. Two aspects were pointed out here, namely the small sampling

volume and the image interpreting. The former one is inherent and can only be partially

overcome by combining TEM with other ensemble characterization tools. As to the latter

one, it should be noted that the specimen is usually in focus from top to bottom surface;
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therefore the images, diffraction patterns (DPs) and spectra are all averaged through the

thickness of specimen. In other words, single TEM image has no depth sensitivity.[36]

2.3 Optical Measurements

2.3.1 Raman Spectroscopy

Raman spectroscopy, a common vibrational spectroscopy, is based on the inelastic scatter-

ing of a monochromatic excitation source with photon energy variation range of 100 to 4000

cm . This energy difference between incident photon and inelastically scattered photon

is closely related to a series of vibrational modes of the sample under observation. Being

nondestructive and requiring minimal preparation, Raman spectroscopy is an excellent tools

to assess lattice dynamics and to fingerprint species.[37] For instances, characteristic Raman

shift can be used to determine material compositions; changes in Raman peak (full width at

half maximum (FWHM), frequency shift) are often related to strain; polarization Raman

spectra can be used to derive crystal orientation and symmetry.

Some common symbols for symmetry representations are as following:

1. representation indicates that the functions are symmetric with respect to rotation

about the principal axis of rotation.

2. representations are asymmetric with respect to rotation about the principal axis.

3. representations are doubly degenerate.

4. representations are triply degenerate.

5. Subscripts u and g indicate asymmetric (ungerade) or symmetric (gerade) with respect

to a center of inversion.

In this study, Raman measurement was performed using a confocal micro-Raman system
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(Horiba Scentific, Labram HR800) with excitation wavelengths at 441, 532, and 632 nm,

where the corresponding photon energy is 2.81 eV, 2.33 eV, and 1.96 eV, respectively.

For nanowire samples, the laser powers were kept between 0.2 and 0.3 mW, and typical

acquisition time was 100 s to avoid possible thermal damage. The spectral resolution is

about 1 cm , and the depth resolution about 2 m.

2.3.2 UV-Vis Spectroscopy

UV-Vis-NIR spectrophotometer is a useful tool to obtain optical properties from various

samples. Generally speaking, the UV spectrum ranges from 100 nm to 400 nm; visible

spectrum spans from 400 nm to 750 nm; and near-IR ranges from 0.75 to 3 m. Absorption

from atmospheric CO2 becomes significant below 200 nm; therefore 100 to 200 nm region

is usually not measured unless some vacuum technique is applied.The cost of fabricating a

spectrometer covering the whole NIR region can be quite high. The instrument used in this

dissertation (Schimadzu, UV2600Plus) can measure from 220 nm to 1350 nm (5.6 eV to

0.92 eV) with an integrating sphere.

The absorption of materials can be described by Lambert-Beer law:

, where is the absorption coefficient in unit of cm , and is the optical

path in cm. When the sample is in liquid form, it is more convenient to use ,

where is the molar concentration (M = mol/L), and is the extinction coefficient/molar

absorptivity (M cm ). For example, for methylene blue (MB) is M cm at 660

nm.[38] So by measuring the maximum absorbance of sample with known composition, its

concentration can be estimated accordingly.

In the transmission mode, the reflection from materials phase boundary has been com-
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pensated with the usage of paired container and solvent. The scattering, however, cannot

be eliminated this way. Usually scattering is negligible in molecular disperse media, yet

should be considered in colloids or solids when the incident wavelength is comparable to

the particle dimension. The size of nanostructures studied in this work is estimated to be

200 to 400 nm after sonication treatment; therefore, scattering effect should be included in

the absorbance spectrum.

In fact, there have been ongoing efforts to retrieve particle size profile from the dynamic

light scattering, a technique also known as photon correlation spectroscopy. The experimental

principle is as following: the sample in liquid solution is illuminated by a laser source and the

fluctuations of the scattered light are detected at a known scattering angle by a fast photon

detector. The fluctuations arise from the Brownian motion of small particles, equivalent

to a random variation of scatter distance. By auto-correlation analysis, the decay rate of

scattering intensity correlation can be related to the diffusion coefficient of small particles

in the solvent.[39] This approach, however, will not be pursued in this work. Instead, the

scattering effect of the nanostructured samples is partially circumvented by using diffuse

reflection technique.

Diffuse reflectance spectroscopy (DRS) serves as another tool to estimate the sample

band gap using Kubelka-Munk theory (KMT).[40] The original KM theory was proposed in

1931[41] and has been popular in the color-related industry, such as painting, pigments, and

paper. This method is useful for the analysis of samples of difficultly soluble substances

and for samples that will react with the solvents upon being dissolved. It is also particularly

applicable when single crystals of the material could not be obtained. Some key points of

diffuse reflection spectroscopy (DRS) were recapitulated in this thesis.



22

The sample is under isotropic diffuse illumination. And the upward flux and downward

flux are characterized by the KM scattering and absorption coefficients denoted as and

, respectively; that is

(2)
(3)

Quantities and , in unit of percentage of light scattered and absorbed per unit vertical

length, have no direct physical meaning. For example, and depend on illumination

geometry: diffuse or collimated. In the limit of infinite thick sample, the KM equation is

given by

(4)

where is relative reflectance between sample and standard. In case of dilute species, one

can approximate the KM function as . When the diffuse scattering condition is

fulfilled, can be related to absorption coefficient by . If the scattering coefficient

is fixed with respect to , one can then obtain

(5)

where depends on the nature of electronic transition. The diffuse reflection spectroscopy

is more proper to characterize nanomaterials because compared with UV-Vis transmission

measurement for sample dispersed in liquid media, it takes the scattering effect into consid-

eration. Favorable results have been obtained on the comparison of band gaps using KM

model and other methods.[40, 42]
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Figure 9: Schematic drawing of (a) UV-Vis and (b) DRS measurement setup adopted from
UV2600Plus manual.

In this thesis, UV-Vis and DRS were recorded using Schimadzu, UV2600Plus, with

schematic measurement setup shown in Fig. 9. For UV-Vis measurement in transmission

mode, the as-synthesized sample was removed from substrates by light sonication (Branson

1510R-MTH, 70W) in ethanol or DI water for 15 second. The dispersion was left for 12 h

to enable the possible sedimentation. Then, the dispersion was transferred into one 10 mm

quartz cuvette (Thorlabs, W005654) for absorption measurement with another paired cuvette

containing pairing liquid only. To carry out diffuse reflectance measurement, an integrating

sphere (ISR2600Plus) was used with an incident angle of 0 degree. The baseline reflectance

was first recorded with the standard white plate (barium sulfate powder, BaSO4) placed

at the exit window on the sample path side, then the target sample was set in for relative

reflectance measurement. The BaSO4 powder should be replaced periodically, otherwise the

surface might turn yellow. To replace the BaSO4 powder, one should supply new powder
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into the sample holder for several time, each followed by a compact pressing using the glass

rod. Chemical wrapping paper can be inserted between the glass rod and BaSO4 powder to

prevent the powder sticking. Nanostructured sample on transparent substrates, i.e. quartz,

could be mounted directly with the growth substrate, or ground and spread evenly onto

BaSO4 surface.[43]



CHAPTER 3: IMPURITY EFFECTS ON TUNGSTEN OXIDE NANOWIRES

3.1 Introduction

Tungsten oxides (WOx) is a group of important functional materials with distinctive

properties and technology applications. Intense research interest was rekindled by the

discovery of electrochromic (EC) effect in 1993.[44] Nano-engineering WOx bring more

possibility and flexibility to its already rich characteristics, therefore resulting in research

efforts spanning multiple fields in the scientific community. Besides smart window based

on EC effect, tungsten oxides are also well investigated for several other significant applica-

tions: photoelectrochemical cell for solar energy conversion and storage, photocatalysis for

hydrogen evolution reaction, and chemical and biological sensing based on gasochromic

effect. In addition, a few young fields are not thoroughly explored: field emission, opti-

cal storage, thermo-electricity, ferro-electricity, and superconductivity. In this chapter, a

literature review on tungsten oxides and sodium tungsten oxides is introduced first, with

focus on technological applications, crystal structures, and synthesis approaches. Several

growth methods were explored in this study to investigate the crystallographic dynamics of

tungsten oxides and sodium tungsten oxides nanostructures. The characterization results

were presented, followed by in-depth discussion. This chapter is concluded with a brief

summary: the impurities effect on the formation of sodium tungsten oxides nanostructures

and the seeded growth method for tungsten trioxide NWs of high crystalline quality.
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3.1.1 Properties and Applications of Tungsten Oxides

Tungsten trioxide (WO3) crystallizes in multiple phases. The basic building block is

WO6 octahedra.4 WO3 crystal structure consists of WO6 octahedra joined at their corners,

which may be considered as a perovskite structure of CaTiO3 with all Ca2+ sites vacant. A

representative lattice structure is illustrated in Fig. 10. These distorted WO6 octahedra adapt

different tilting angles in different phases and edge-sharing octahedra also arise.

The temperature-dependent phase transition and corresponding lattice constants in bulk

form is summarized in Table 4.[45] WO3 in monoclinic phase is favored in room temperature;

however, a firm assignation of space group to monoclinic phases are still in debate.[46] It

is noticed that the lattice parameters obtained via ab initio calculation closely match the

experimental values.[47] The phase transition scenarios in nanostructured WO3 are supposed

to be more sophisticated. Within Gibbs-Thomson framework, one can generally expect

lower transition temperature than their bulk counterparts due to enhanced surface energy.

Temperature-dependent Raman spectroscopy provided support for this deduction.[48]

WO3 is a wide gap n-type semiconductor with valence band top featuring states of

oxygen and conduction band bottom arising primarily from states of tungsten with some

mixing of oxygen states.[49] Migas et al. maintained there is essentially identical band

dispersion near the gap region in case of -WO3, -WO3, -WO3 and -WO3.[47] When

there is oxygen vacancy, the Fermi level moves into the conduction band and the gap shrinks

by about 0.5 eV. Migas et al. also pointed out the flat bands at valence band maximum

(VBM) and conduction band minimum (CBM) could lead to poor transport of holes and
4Tungsten, with its electronic configuration as (Xe)4f145d46s2, has empty 5d and 6s orbitals in its

oxidation state.
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Figure 10: Octahedra model of WO3

electrons, thus may compromising the function in photoelectrochemical cells.

Besides WO3, tungsten oxide exists in a series of sub-stoichiometric states. The WnO3n-1

( ) exhibit crystallographic shearing (CS) structure. Chemical formula correspond-

ing to n=2, 3, 4, 5 and 6 are W2O5 WO2.5, W3O8 WO2.67, W4O11 WO2.75, W5O14 WO2.8,

and W6O17 WO2.83, which indicates the existence of a oxygen deficient plane at every

row. Actually the value in WOx could almost continuously vary within a range of 2.5

to 3. W18O49 WO2.72 is an exception without CS structure. Moreover, the oxygen

deficient planes could extend along directions other than . For instance, the

CS planes appears in WOx where is within 2.93 to 2.98, and the CS planes for

within 2.87 to 2.93.[50] In WOx nanorods, the oxygen deficient planes are conductive, each

having atomic thickness and separated by several nm of WO3 layers. Localized surface

plasmons could possibly exist on these conductive planes. Therefore, surface-enhanced

Raman scattering (SERS) applies and single molecule Raman scattering using individual

tungsten oxide nanorod has been demonstrated.[51] Tungsten oxides were probably best
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Table 4: List of WO3 phases

Lattice constants Å
Symbol Temperature (°C) Phase a b c
-WO3 monoclinic II 7.378 7.378 7.664
-WO3 triclinic 7.309 7.522 7.686
-WO3 monoclinic I 7.306 7.540 7.692
-WO3 orthorhombic 7.384 7.512 3.846
-WO3 tetragonal 5.25 NA 3.91
-WO3 hexagonal 7.298 NA 3.899

known for the electrochromic effect, meaning the coloration (deep blue) and bleaching

(transparent) states of WO3 are reversibly switched upon forward and backward voltage,

and the coloration or bleached states remain after disconnecting the voltage. On basis of this

property, ECD of tremendous energy saving potential is conceptualized and some products

have already been commercialized (i.e. smart window5), although the materials used is not

clear.

In the past decades, substantial works have been devoted to understanding the chromogenic

phenomena in WO3. Several key results were highlighted as reviewed in Ref.[13]:

• coloration and bleaching can also be stimulated by other routes, such as by UV

irradiation, thermal treating, heating in vacuum, reducing atmosphere, etc;

• no electrical coloration occurs in vacuum, but other routes still work;

• coloration is associated with a proportional increase in conductivity;

• coloration spectrum is essentially similar in all cases except small variation in peak

position;

• coloration is structural sensitive and most efficient in amorphous films.
5"We did a case study in five cities, and the average savings in commercial buildings are about 25 percent

of the heating, ventilation, and air-conditioning energy use annually," said CEO of View, Inc.
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So far there is no unifying model that could reconcile these contradictory experimental

observations. Among all the developed models, polaronic absorption is the most widely

accepted mechanism for coloration. The concept of polaron was first proposed by Landau

in 1933. In ionic or highly polar crystals, such as II-VI semiconductors, alkali halides,

and transition metal oxides, the Coulomb interaction between a conduction electron and

the lattice ions results in a strong electron-phonon coupling. A new quasi-particle, virtual

phonon, can be defined corresponding to the effect of electron pulling nearby positive ions

towards it and pushing nearby negative ions away. The electron and its virtual phonons,

taken together, can be treated as a new composite particle, called an electron polaron; the

hole polaron is defined analogously.[52] In polaron model,6 the intercalation of M+ (M =

H, Li, or Na) ions into WO3 films is accompanied with the formation of small polarons (

comparable to unit cell size) and formal reduction of some W6+ sites to W5+, as depicted in

Eq. 6.

(6)

During the intercalation process, the M+ ions enter into these vacant sites.[53] Coloration

occurs when electron transition occurs from the hole polaron band to the electron polaron

band. And the polaron binding energy ( ) is given by

(7)

6When a free electron travels through a polar solid, it creates a local lattice displacement (longitudinal
optical phonon clouds) due to the coulombic interaction with neighboring ions. This local distortion and the
electron together is equivalent to a new elementary exciton of the crystal, and is named as polaron
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where and are optical and static dielectric constants, respectively, and polaron radius

, which specifies how far the lattice distortion extends, is related to polaron density

by . However, the polaron model has difficulty in estimating . The

asymmetric optical absorption spectrum are often characteristic of large polarons, and

dielectric constants ( ,[13]) suggests the formation of bipolaron in WO3.

Moreover, polaron model does not take oxygen vacancy into account, which plays a vital role

in the nonstoichiometric tungsten oxides. For instance, it is observed that WO3-y films are

metallic and conductive for , blue and conductive for , and transparent

and resistive when , regardless of the preparation methods.[46]

Therefore, another model in analogy to the F-color center was proposed. Color center

model assumes the presence of oxygen vacancy is associated with W4+ or 2W5+ states.

This defect level is expected to be inside or near the valence band. When one electron is

removed from this level, is converted to . The positively charged vacancy exerts

Coulombic repulsion to the nearest W-ions, which results in a displacement of the neighboring

W-ions and an upward shift of the defect level into the bandgap, thereby creating a color

center. The optical transition from to (a state within the conduction band) contributes

to coloration.[13]

The polaron and color center models both agree on that W5+ and its transition is responsible

for the coloration; but disagree on how this W5+ state and the corresponding energy levels are

created (foreign ion reduction in polaron model and oxygen vacancy in color center model).

A modified polaron model is proposed to include W4+ states in host lattice. Coloration

mechanism is represented by Eq. 8 and 9, which described the polaron hopping from one

site to another.[46]



31

(8)
(9)

Similar scenario occurs in the gasochromic effect. Two models, double injection and color

center, arise to account for the coloration upon exposure to certain gases. Both consent

to Eq. 8. But there is a disagreement on the final states. Double injection model supports

the formation of tungsten bronze HxWO3 while color center model insists on the inward

diffusion of oxygen vacancy and outward diffusion of water molecules. Both have been

substantiated experimentally;[54] therefore, the exact mechanism in WOx still requires

further investigation.

3.1.2 Review of Synthesis Methods of Tungsten Oxides

As the chemical formula WO3 suggested, the most straightforward way is heating metallic

tungsten (W) in various forms,[55–57] i.e., powders, foils, and wires. Actually WOx NWs7

were observed when directly heating W wires.[58] Due to the extreme high melting point

of W, it requires high temperature (say, above 1100 °C) to produce large amount of growth

species. Therefore scalable growth seems difficult at low temperature range unless other

activation mechanisms are used. The dc current heating proved to be a route with potential

large yield, where tungsten wire or filament was connected to a current source, and substrate

was positioned in proximity to the heated W wire.[59–61] Tungsten oxides powder can

also been used as precursor to prepare WOx NWs.[26, 62] Hydrogen-containing agents

(i.e. water, H2, or methane[63]) were often involved into the reaction.[64, 65] The potential

benefit is WO3 has a much lower melting point ( °C) than that of metallic tungsten.
7 is between 2 and 3
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Meanwhile, organometallic decomposition is another feasible method. Pol et al. obtained

W18O49 nanorods by thermal dissociation of WO(OMe)4 at 700 °C and WO3 by further

annealing at 500 °C in air atmosphere.[66] Spray pyrolysis is a typical aerosol-assisted

CVD technique. Typical process flow is: the precursor solution is pumped to an atomizer

and then sprayed through the carrier gas as a fine mist of very small droplets onto heated

substrates. Subsequently the droplets undergo evaporation, solute condensation, and thermal

decomposition, which then result in film formation.[45] Main reactions include:

(10)
(11)

Besides, hydrothermal method has been an important route to synthesize a diversity of

nanomaterials. Preparation of WO3-x has also been demonstrated hydrothermally.[67, 68]

Usually, the precursor (H2WO4) is mixed with other reactants (sulfides or certain organic

acid) in solution and pH value is adjusted as another control degree of freedom. Then,

the solution is transferred into a sealed container (i.e. Teflon autoclave) and maintained at

elevated temperature ( °C) for tens of hours. Finally, the product is separated

from the solution and dried, layered WO3 nH2O flakes are usual products. A brief summary

of representative synthesis methods is shown in Table 5.

3.2 Experimental

Metallic tungsten powders (W) were utilized as source materials in this work. Four kinds

of W powder were used in total, as summarized in Table 6. Two growth configurations were

explored, namely non-seeded growth and seeded growth.
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Table 6: Tungsten powder sizes and purities

Name purity average size vendor info
3N 99.9% 17 m Alfa Aesar #39749
3N5 99.95% 32 m Alfa Aesar #42477
4N5 99.995% 3.3 m Materion T-2049
5N 99.999% 1.5 m Alfa Aesar #12973

3.2.1 Non-seeded Growth

In a typical non-seeded experiment (Fig. 11), about 2 g tungsten powder (3N) was posi-

tioned in the upstream end of a quartz boat, and downstream about 2.5 inch the substrate

was stationed. The substrates were p-type, boron-doped and [100]-orientated silicon with

Figure 11: WO3 NW CVD growth and the temperature profile. The nominal NWs growth temperature
were estimated according to the interpolation data. Zero inch location is defined at the upstream edge
of furnace.

about 1 m thermally-grown silicon oxide layer on the polished side. The substrate cleaning

procedures have been elucidated on page 11. The boat was then loaded into the reaction

chamber in a way that the powder source was placed in the center of the heating zone, and

the substrate upstream end was aligned at 6.5 inch, as defined in Fig. 11. After pumping

down, 1 standard cubic centimeters per minute (sccm) O2 and 10 sccm Ar were admitted into
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the chamber, respectively, after which the overall pressure read approximately 110 mTorr.

The temperature ramped up to 1000 °C in 30 min and lasted for 4 h, and subsequently the

apparatus was allowed to naturally cool to room temperature.

3.2.2 Seeded Growth

In the seeded growth, additional tungsten powders were used on the substrate serving

as local seed, on which a dense WO3 NW array grew. For the tungsten seed particles, 3N

powders were used in typical NW growth, and other tungsten powders with different sizes

were employed in control experiments, including 3N5, 4N5, and 5N. All reactants were

employed as received without further processing.

In a typical growth, high purity tungsten powders were positioned at the upstream end

of a quartz boat, with the substrate located ca. 65 mm downstream. The quartz boat was

then transferred into the reaction chamber in a way that the tungsten source was located at

the center of the reaction chamber. During the growth, the tungsten source was heated at

1000 °C, while the substrate temperature ranged from 800 °C to 400 °C. After the reaction

chamber was pumped down to an ultimate pressure of mTorr, 1 sccm oxygen (O2) and

10 sccm argon (Ar) were introduced into the chamber, respectively. The heating temperature

was ramped to 1000 °C in 30 min and lasted for 240 min. Subsequently, the apparatus was

allowed to naturally cool to room temperature.

To study the growth mechanism, controlled experiments were performed on the oxidation

of the tungsten seed particles dispersed on the substrate. In a typical oxidation experiment,

tungsten powders were loaded into the uniform heating zone at the center of the chamber,

and the sealed chamber was pumped down to an ultimate pressure of mTorr. Then
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oxygen flow, varying between 1 sccm to 10 sccm, was admitted from the upstream inlet.

With 10 sccm UHP Ar (99.999%) as carrier gas, the overall pressure reached to about 100

mTorr. The heating temperature (500 to 750 °C) was ramped up in 30 min and lasted for 30

min; then, the heating power was turned off, and the chamber was allowed to naturally cool

to room temperature.

3.3 Results and Discussion on Tungsten Oxide Nanowires

3.3.1 Tungsten Oxides: Impurities and Residual Effects

The growth dynamics of each source were investigated in the non-seeded growth. In

each experiment, the temperature, flow rate, source, and substrate locations were controlled.

Another parameter the author found important is the growth number8 in the same reaction

chamber. Usually, one will conduct several runs in the same chamber, and different results

may arise with respect to the growth number. With this degree of freedom included, the

primary features of the deposition and the associated parameters were summarized in Table 7.

The change of metallic W source after growth carries important information about the growth.

Table 7: WO3 non-seeded growth summary

Growth Number
Source First Second and more Sodium(ppm)
3N Morphology from high to low

temperature: islands, dense
layer and a few NWs

Dense wires become more and
more, sodium tungsten oxides
phases dominate

20

3N5 islands in high temperature end
and layers in low temperature
end

NA NA

4N5 dense islands, some tiny wires
in low temperature end

NA 0.065

5N similar to those of 4N5 NA 0.05

8Defined as the order of growth performed in the same reaction chamber
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So before examining the deposition on substrates, the SEM images of all powders before and

after growth were presented in Fig. 12 and Fig. 13, respectively. Tungsten metal crystallizes

Figure 12: SEM images of W powder before growth for (a) 3N, (b) 3N5, (c) 4N5 and (d) 5N,
respectively.

in body center cubic (BCC) phase. Overall, the facets were still discernible. The 4N5 and

5N powders shared similar appearance and size distribution (Fig. 12c-d). In contrast, 3N

powders were almost half the size of 3N5 ones and had more uniform size distribution as

well. Absolute size and its distribution played a key role in its usage as seed, as discussed

in Section 3.3.2. After growth, 4N5 and 5N powder (Fig. 13c-d) both developed the round

Figure 13: SEM images of W powder after growth for (a) 3N, (b) 3N5, (c) 4N5 and (d) 5N.
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edges, while 3N and 3N5 powders (Fig. 13a-b) became bundled rods. This difference mainly

arose from the average size, which dictated the degree of oxidation. Another possible reason

was the presence of foreign elements in each W powders. As indicated by the certificate of

analysis from corresponding vendors, carbon, nickel, iron, and sodium amounts up to tens

of ppm in low purity W source.

The sodium contents in 3N powders fundamentally changed the deposition in the non-

seeded growth. Typical morphologies of the as-synthesized nanostructures grown on a

SiO2-Si substrate were shown in Fig. 14a. The nanostructures were NWs with lengths up to

several hundred microns and diameters about 40 to 500 nm. The deposition of nanowires

was generally located on the substrates with the growth temperature ranging from 660 to

420 °C. Enlarged view at higher magnification revealed some nanowires were cylindrical

and some were bundled belt. Rectangular microplate structures grew at lower temperature

end of substrate, as displayed in Fig. 14b and inset. The chemical compositions of the

deposition were analyzed using EDX. A representative EDX spectrum in Fig. 14c show

the existence of W, Na, O, and Si signals in the specimen, where the Si signal was from

the substrate. The crystal structures of the as-synthesized specimens were examined using

XRD. The diffraction peaks were carefully indexed and the deposition was identified as

two phases of sodium tungsten oxides and one phase of tungsten oxide, as indicated on

Fig. 14d. The two sodium tungsten oxide phases were the triclinic Na5W14O44 phase (ICDD

PDF 04-012-4449, a=7.2740 Å, b=7.2911 Å, c=18.5510 Å, =96.37 , =90.89 , =119.65 )

and the triclinic Na2W4O13 phase (ICDD PDF 04-012-7108, a=11.1630 Å, b=3.8940 Å,

c=8.2550 Å, =90.60 , =131.36 , =79.70 ). The tungsten oxide was the monoclinic WO3

phase (ICDD PDF 01-083-0950, a=7.30084 Å, b=7.53889 Å, c=7.6896 Å, =90.89 ).
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Figure 14: SEM images of (a) dense array of the as-synthesized ultra-long nanowires on SiO2-Si
substrate and (b) rectangular microplates grow among the nanowires. (c) EDS and (d) XRD spectra
showing the chemical compositions and phases of the deposition.

XRD measurements revealed the overall structure of the specimen. To obtain detailed

information on the crystallinity, composition, and growth direction of the nanostructures,

TEM analyses with imaging, electron diffraction, and EDX were performed on more than

20 nanowires. The majority of the nanowires were identified as the Na5W14O44 phase

(Fig. 15a-c). The HRTEM image in Fig. 15b revealed that the nanowire exhibited a single-

crystalline structure. The corresponding diffraction pattern in the inset of Fig. 15b was

recorded in axis. Based on the analyses on a series of diffraction patterns and HRTEM

images, the nanowire was confirmed as the triclinic Na5W14O44. The growth direction of

Na5W14O44 NWs was determined to be parallel to the (001) plane. EDX measurement

(Fig. 15c) show the nanowire consisted of W, Na, and O. No other elements were detected.9

Small fraction of nanowires were found to be the monoclinic WO3 phase (Fig. 15d-f). The

SAED shown in the inset of Fig. 15e was recorded in [100] zone. The growth direction of

the WO3 nanowire was determined to be perpendicular to the (002) plane with a d-spacing
9The Cu and C signals come from the supporting Cu grid with lacey carbon and the Cr signal from the tip

of JEOL double tilt holder.
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of 0.38 nm. EDX spectrum in Fig. 15f indicated the nanowire consisted of W and O without

Na or other impurities. The rectangular microplate structures shown in Fig. 14b were also

collected for TEM examination. These microplate structures were identified to be the tri-

clinic Na2W4O13 phase. The SAED in Fig. 15h was recorded in [101] axis. No high-quality

HRTEM images were acquired for the Na2W4O13 plate due to its thickness. The long edge

of the plate was identified as parallel to the (010) plane and the short edge parallel to the

( ) plane. From XRD spectra, the long edge of Na2W4O13 plate can be figured out as the

axis and the short edge is along the axis. Fig. 15i show the plate structure also consisted

of W, Na, and O and no other impurities were detected. Normalized to the highest W peak,

the Na peak intensity in Fig. 15i was higher than the one in Fig. 15c. This result indicated a

higher Na:W ratio for the Na2W4O13 plate structure than that of Na5W14O44 nanowires, in

consistent with the compositions of these two phases.

Figure 15: TEM images at low-magnification, HRTEM images, and EDS spectra of a Na5W14O44

NW (a, b, c), a WO3 NW (d, e, f), and a Na2W4O13 microplate (g, h, i).
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Micro-Raman spectroscopy was also carried out at room temperature in ambient atmo-

sphere to confirm the phases of the microplates and ultra-long nanowires. Fig. 16a show

the Raman spectrum of the microplates. The Raman lines at 949, 794-777, 366-263 cm

closely matched the reported Na2W4O13 Raman shift.[70] The Raman spectrum from the

ultra-long nanowires was shown in Fig. 16b. The spectrum show major peaks in 100-150

cm , 650-900 cm , and 900-100 cm regions. As compared to the reported peak positions

(shown by reference lines in Fig. 16b), the nanowires consisted of only little amount of

WO3 or Na2W4O13 phase. Major peaks at 107, 695, 765, 913, 943, and 965 cm cannot be

assigned to reference in literatures. According to XRD and TEM analyses, the nanowires

were mainly Na5W14O44; therefore these peaks should belong to the Na5W14O44 phase. So

far no Raman spectrum has been reported for this phase, hence this is probably the first

observed Raman pattern for Na5W14O44.
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Figure 16: Raman spectra of (a) microplates matching the reported peak positions of the Na2W4O13

phase, and (b) nanowires with comparisons to the reported major peak positions of WO3 (shown by
black line) and Na2W4O13 (shown by red line) phases.

Based on the correlation of Raman spectra and crystallographic data of a variety of

tungsten bronze, an empirical formula to relate the Raman peaks and W O bonding lengths
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has been found as

(12)

where is tungsten-oxygen bond length in Å, and is Raman stretching wavenumber in

cm .[71] The standard deviation of estimating W O bond distance from Raman stretching

wavenumber was Å. The observed Raman peaks of Na5W14O44 phase were located

at 965, 943, 913, 808, 786, 778, 765, 695, and 107 cm . Multi-peak Lorentzian fitting was

preformed to precisely determine the central maximum. Good fitting was obtained in this

study, as shown in Fig. 17. The calculated W O bond distances using Eq. 12 were then listed

in Table 8. The predicted W O bond lengths agreed very well with the crystallographic

value of Na5W14O44 phase.[72] The 107 cm peak was probably caused by Na O bond.
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Figure 17: Multi-peak Lorentzian fitting on two major peaks region of Na5W14O44. The peaks sum
height difference is caused by different baseline value adopted in each fitting.

For a purpose of comprehensive comparison, the Raman fingerprints of various tungsten

oxides and tungstate were listed in Table 9.

Heated at elevated temperatures, the W precursor, quartz tube, and quartz boat were three

possible sources for Na. The sodium concentration in 3N source was about 20 ppm, as
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Table 8: W O bond length predication

Fitted center (cm ) length (Å) Fitted center (cm ) length (Å)
694.6 1.900 808.6 1.821
745.4 1.863 911.5 1.758
764.4 1.850 933.0 1.745
778.7 1.840 943.5 1.740
788.4 1.834 965.4 1.728

Table 9: Raman fingerprints of tungsten oxides and sodium tungsten oxides

Phase Raman Shift (cm ) Reference
WO2 287(s), 334(w), 514(m), 600(w), 621(w),

785(vs)
[73]

W18O49 broad bands from 750 to 780 [74]
267(s), 778(s), 969(m) [75]

m-WO3 131(m), 265(m), 327(m), 715(s), 807(vs) [76, 77]
h-WO3 162(m), 253(m), 320(m), 645, 690(s), 817(vs) [77]
WO3 H2O 230(m), 377(w), 428(w), 650(s), 816(vs),

946(vs)
[77]

WO3 2 H2O 235, 268(m), 380(w), 662(s), 685(vs), 960(vs) [77]
Na2WO4 94(w), 314(vw), 377(m), 813(m), 930(vs) [78]
Na2W2O7 381(w), 422(w), 763(w), 835(s), 886(m),

948(m), 957(vs)
[79]

Na2W4O13 263(w), 272(w), 311(w), 366(w), 777(vs),
794(s), 949(m)

[70]

Na5W14O44 107(s),695(m), 765(vs), 913(w), 943(m),
965(m)

this work

Materials in solid state, vw-very weak; w-weak; m-medium; s-strong; vs-very strong

provided by vendor.10 The Na concentrations in quartz tube and quartz boat (GE 214 quartz,

Wilmad Labglass) were 1 ppm and 0.7 ppm, respectively. To verify the major source of

Na content, control experiments were employed by using W source with higher purities

(4N5 or 5N). These ultra-high purity W sources produced pure tungsten oxide deposition,

and no Na content was detected by EDX. These results verified the Na content was mainly

from the 3N W powders. In the non-seeded growth experiments, the W source was first
10Owing to the non-uniform distribution of foreign elements, detection of sodium by EDX is possible

although the concentration is below the capacity limit of typical EDX.
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slowly oxidized at 1000 °C with 1 sccm O2, and then the oxidized source was evaporated

producing WO3 and other sub-stoichiometric tungsten oxide vapors. The tungsten oxide

vapors produced this way were limited by the slow oxidation, as indicated by a) only small

amount of the tungsten source was consumed during the growth; and b) only the top layer of

the tungsten source was oxidized showing a dark blue color after growth. Owing to its low

concentration, the exact composition of the Na content in the tungsten source was difficult to

probe; however, the evaporation rate of the Na content was expected to be high when heated

at 1000 °C. This assumption was supported by the observation that no Na was found in the

deposition along the whole substrate in control experiments using the used 3N W source.

Put it in another way, this observation indicated that the majority of Na content was already

evaporated in previous experiment. Hence, despite of its low concentration in the source, the

total amount of Na-based vapors produced during the growth could be significant, resulting

in the dominance of sodium tungsten oxide phases in the nanowire growth region.

Figure 18: (a) Photograph of a series of specimens grown in the same reaction chamber with the
increase of growth number showing different growth zones and corresponding morphology changes.
(b) Change of Na/W ratios with the increase of growth number at different growth zones.

As shown by the photograph in Fig. 18a, for a series of growth performed in the same

reaction chamber, the morphology of the nanowires changed with the increase of growth
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number. Three growth zones of nanowires can be identified on basis of the coverage and

density of the nanowires, as delimited by the vertical guide line. The growth Zone I was

located at high temperature end ranging from 660 to 520 °C, Zone II was from 520 to 470 °C,

and Zone III from 470 to 420 °C. Detailed morphological changes were depicted in Fig. 19.

For the first growth (Fig. 19a-c) in a new clean reaction chamber, there were only a little

Figure 19: SEM images of morphology evolution of the NWs at different growth zones showing
morphology changes with the increase of growth number. The insets show detailed structures of the
NWs.

nanowires scattered in Zone I (Fig. 19a), ultra-long nanowires were mostly found in Zone

II with higher density and coverage (Fig. 19b), and in Zone III the coverage, density, and

length of nanowires gradually reduced as the growth location moved downstream (Fig. 19c).

With growth number increased to 3 (Fig. 19d-f) and 5 (Fig. 19g-i), the coverage, density,

and length of the nanowires increased in all three zones. Zone I saw the most significant

morphology changes, as shown by Fig. 18a and Fig. 19g. After the fifth growth in the same
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reaction chamber, the deposition of ultra-long nanowires almost covered all three zones.

For Zones I and II, no significant morphology change was observed with further increase

of the growth number up to 8. However, for Zone III the microplate structures (shown in

inset of Fig. 19i) kept increasing significantly with the growth number. EDX study revealed

the variation of Na concentration in the deposition with the growth number. Fig. 18b show

the variation of the Na/W ratios with the increase of growth number at different nanowire

growth zones. Generally, the Na/W ratios at all growth zones increased with the increase of

growth number. The large fluctuation of Na/W ratio at Zone III was presumably due to the

uneven distribution of Na content with different morphologies at Zone III.

Figure 20: Schematic drawings showing (a) growth with tungsten source in a new tube, (b) enhanced
growth with both residue deposition and tungsten source, and (c) growth with residue deposition
only.

A mechanism of residue deposition enhanced growth was proposed to explain the mor-

phology evolution of the nanowires with the growth number. Since the CVD setup employed

in this thesis was a hot-wall system, deposition formed on the substrate surface as well as on

the inner wall of the reaction chamber in the growth area. Residue deposition was found on

the quartz tube, which can be distinguished by the color change on the quartz tube after each

growth. With the increase of growth number for the same reaction chamber, the residue

deposition on the inner wall of the tube also increased. If a clean quartz tube free of any

residue deposition was used as the reaction chamber, the vapors were supplied only from
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the source material forming deposition in the growth area with lower temperature (as shown

by the schematics in Fig. 20a). When a quartz tube with residue deposition from previous

depositions was used repeatedly as the reaction chamber, the residue deposition heated

at growth temperature could also produce vapor locally; therefore, the vapors from both

the source materials and the local residue deposition would result in an enhanced growth

of nanowires (Fig. 20b). To prove this hypothesis, control experiments were performed

utilizing a quartz tube used multiple times previously (e.g. a growth number of 9). The

experiments were carried out without any source materials while other growth parameters

remained the same. Similar nanowires were found on the substrate in the nanowire growth

zones. Without the source materials, the residue deposition from the tube surface was the

only possible source that could produce vapors forming nanowires on the substrate (Fig. 20c).

This result confirmed the nanowire growth could be enhanced by the presence of the residue

deposition and explained the morphology changes of the nanowires with the increase of

growth number.

The general trend of Na/W ratios with the growth number can also be explained by the

aforementioned effect of residue deposition. The sodium contents from the residue deposition

will join the new Na contents from the W source forming deposition. Fig. 21 displayed the

XRD spectra of a series of specimens with the growth number increases from 1 to 5. The

XRD spectra revealed the relative concentration dynamics of the three phases as the growth

number increases. Compared to the WO3 phase, the Na5W14O44 and the Na2W4O13 phases

increased significantly as the growth number increased from 1 to 5. And in the 5th growth,

Na2W4O13 became the dominated phase in comparison to the other two phases. These

results were consistent with the SEM observation (Fig. 19) and the composition change from
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Figure 21: XRD spectra of the as-synthesized specimen with the increase of growth number from 1
to 5.

Table 10: Assignment of XRD peak indices to different phases

WO3 Na5W14O44 Na2W4O13
2 hkl 2 hkl 2 hkl
23.05 0 0 2 9.65 0 0 2 10.85 1 0 0
23.59 0 2 0 14.49 0 0 3 21.8 2 0 0
24.31 2 0 0 19.37 0 0 4 32.97 3 0 0
26.60 1 2 0 24.27 0 0 5 56.45 5 0 0
34.10 2 0 2 29.22 0 0 6
47.11 0 0 4 39.36 0 0 8
48.29 0 4 0 44.46 0 0 9
49.79 4 0 0 49.71 0 0 10

55.23 0 0 11
60.77 0 0 12

the EDX measurements (Fig. 18b). Details XRD indices assignment was summarized in

Table 10.

The Na5W14O44 phase was further confirmed by a XRD scanning from 4 to 10 degree in

configuration. As shown in Fig. 22, two peaks at 4.84 and 9.65 were well resolved,

corresponding a lattice spacing of 18.25 Å and 9.16 Å, respectively. This compares favorably
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with both HRTEM analysis (Fig. 15e) and ICDD PDF 04-012-4449 database reference.
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Figure 22: Low angle scan of XRD pattern on the as-grown sodium tungsten oxide sample

The optical transmission and reflection properties of the as-grown Na5W14O44 NWs were

evaluated using UV-Vis spectroscopy, as shown in Fig. 23. The sample was prepared on

a quartz substrate, which is transparent from 300 to 1300 nm. SEM images (not shown)

found dense NWs array growth similar to those on SiO2-Si substrates, indicating the residue

effect was not sensitive to the substrate. The transmission (Fig. 23a) stood at about 70%
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Figure 23: UV-Vis and DRS of Na5W14O44 NWs on quartz: (a) Optical transmission and (b) diffuse
reflection spectra.

above 400nm and began to drop significantly for shorter wavelength. This variation was

also identified in the diffuse reflection spectrum (DRS) in Fig. 23b, where the reflection
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reached to a maximum of 16% at 390 nm. One difference was the DRS increased from 1300

nm to 400nm, presumably due to the inverse scattering intensity with NW dimension of

300 nm. The calculated absorption was shown in Fig. 23a, suggesting an energy gap edge

at about 380 nm. This was consistent with the observed white sample color; however, the

conductivity of Na5W14O44 has not been investigated experimentally. Based on the electron

sum rule, the sodium tungsten oxide can be cast into Na5W1
5+W13

6+O44, which indicated

the W ion valence states were quite close to that in WO3. Further investigation is needed to

vigorously determined the electronic transport properties of Na5W14O44 NWs.

Typical morphologies of non-seeded growth using other powders were shown in Fig. 24

and Fig. 25, respectively. The common feature of these samples was the dominance of

islands growth in upstream end and layers growth in downstream end. The exact dimension

still show some minor difference, particularly in the low temperature region. The deposition

with 4N5 and 5N powders had much smaller grain size than that with 3N5 powders.

Figure 24: SEM images of WO3 growth using 3N5 powder showing the morphology variation at (a)
736 °C, (b) 590 °C, and (c) 400 °C.

It was worth pointing out that there were some NWs growth in low temperature end

associated with 4N5 growth(Fig. 25c), although not in large scale.
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Figure 25: SEM images of WO3 growth using 4N5 powder showing the morphology variation at
(a) 870 °C and (b) 750 °C, and (c) 408 °C. Growth with 5N powders exhibited almost the same
morphology as that of 4N5 and is not shown hereby.

3.3.2 Tungsten Oxides: Seeded Growth

As mentioned in Sec. 3.3.1, growth using higher purity tungsten powders primarily

produced thin film deposition; and growth using 3N powder was plagued with the impurity

effect producing sodium tungsten oxide NW instead of tungsten oxide NW. New growth

method was thus explored to obtain WO3 NWs. In this study, a seeded growth approach

was developed and proved to be a successful alternative way.

Understanding the oxidation of tungsten powder was the key to obtain high yield in

seeded growth. Oxidation of tungsten had been investigated under diverse conditions, such

as at elevated temperature (>1100 °C) and oxygen pressure on the order of Torr,[80] and

at temperatures ranging from 20 to 500 °C under atmosphere pressure.[81] WOx NWs

were readily found when tungsten (foil, wire, or powder) was oxidized under various

conditions.[57, 65, 82] However, the study on tungsten powder oxidation behavior between

intermediate temperature range and under low pressure was still rare. This thesis studied

the oxidation of tungsten powders with diverse size within temperature range from 500

to 1000 °C and under several mTorr oxygen partial pressure. It was illustrated that using

tungsten powder as seed was an economic approach to obtain high yield of WO3 nanowires
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at relatively lower temperature. It was also demonstrated that there was an optimal tungsten

powder size under current experimental conditions for the seeded growth. This observation

provided some insight on the role of tungsten powder as source material in CVD growth of

WOx.

Commercial available tungsten powders with different size were usually associated with

purity variation as well. Four kinds of tungsten powders were used as precursor to prepare

WO3 NWs, as already summarized in Table 6. The dimensions of tungsten powder were

obtained by measuring the average size in SEM micrographs. A systematic investigation

was performed on the oxidation behavior of tungsten powder to evaluate the temperature

effect, size-dependence, and influence of oxygen partial pressure.

Figure 26: W powder oxidation: temperature effect. SEM graphs of 99.9% (3N) tungsten powder
oxidization at different temperatures of a) 500 °C, b) 600 °C, c) 650 °C, d) 750 °C, showing the
optimal temperature for local formation of nanowires is between 600-650 °C. Oxygen flow rate is 1
sccm.

Fig. 26 illustrated the effect of temperature on the morphological change and surface

nanowires formation of 3N powder. At 500 °C, most tungsten powder retained its original
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shape and a layer of tiny dense NWs began to grow. When temperature was increased to 600

°C, 3N powder started to crack with longer NWs on the isolated surface. Further increase

of temperature led to irregular shapes of tungsten power and aggregation of NWs, giving

rise to the nanorods and bunched or bundled structures. It could be determined from the

morphology variation that the optimal seeded growth temperature for 3N powder was in the

range of 600 to 650 °C.

Figure 27: W powder oxidation: size effect. SEM graphs illustrating the oxidization of four different
size of tungsten powders at 600 °C and 1 sccm oxygen flow. a) 17 m, b) 32 m, c) 3.3 m, d) 1.5

m.

Fig. 27 depicted the oxidation of different sizes of tungsten powder under the same

experimental conditions. In contrast to the morphology of 3N powder shown in Fig. 26,

3N5 powder surface was primarily covered with sub-micron particles as well as some short

tiny NWs; whereas 4N5 and 5N powder were thoroughly oxidized, showing branched

flowers feature. This dramatic difference could be explained in terms of surface energy and

oxygen diffusion. With smaller dimension, the increased surface-to-volume ratio and short
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diffusion path both lowered the energy barrier of oxidation.[83] When it came to seeded

growth, however, the powder size distribution was an important factor to give uniform NWs

deposition. Since the size distribution of 3N powder was more uniform than that of 3N5

powder (Fig. 12), this study used the former as seeds.

Figure 28: W powder oxidation: oxygen pressure. SEM graphs of 3N tungsten powder oxidization at
600 °C under different rates of oxygen flow: a) 1 sccm, b) 2 sccm, c) 3 sccm, d) 10 sccm. The oxygen
partial pressures were 13 mTorr, 23 mTorr, 32 mTorr, and 82 mTorr, respectively with background
pressure subtracted.

Fig. 28 depicted the morphology change of 3N powder with respect to varied oxygen

partial pressure. When the oxygen flow was lower than 3 sccm, 3N powder almost stayed as

the same with cracks separating the dense layer of NWs. When oxygen flow was increased

to 10 sccm, the 3N powder exemplified an enlarged version of that for 4N5 or 5N powder

under 1 sccm oxygen flow. This observation again was supported by the surface energy

explanation.

With all above oxidation experiments, favorable conditions for local growth of NWs

were extracted to perform the seeded growth. The growth was performed by placing high
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purity tungsten powders (4N5 or 5N) in center heating zone and substrate with 3N tungsten

powders in downstream location, where the temperature was about 600 °C. The temperature

profile, source, and substrate locations remained essentially the same as in Fig. 11 except the

presence of 3N powder on substrate. In all experiments, tungsten powders were uniformly

distributed by sliding two pieces of substrates, and the growth time was kept at 4 h. As shown

(a) (b)

Figure 29: SEM characterization of WO3 seeded growth. (a) SEM graphs of WO3 NWs on SiO2/Si
substrate. (b) A high magnification view showing uniform NW growth and close-up view of one
NW.

in Fig. 29b, a dense NWs array was obtained on tungsten powder seeds with individual wires

of length up to 10 m and diameter about 50 to 200 nm, according to the measurements

made in the close-up view. Each tungsten powder stood as independent growth site (Fig. 29a)

with film growth on the substrates, a common feature without using tungsten powder as seed

under current experimental conditions. It was occasionally observed that NWs growth was

initiated adjacent some tungsten powders. This phenomenon was correlated to the local trap

of vapor flow since it was more often found among the enclosed area by tungsten powders.

It is also found that the diameter of NWs decrease as the distance between powders and

upstream edge increases. This is a combination effect of lower temperature and reduced
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WOx growth species supply.
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Figure 30: Composition analysis on the WO3 NWs from the seeded growth with EDX.

EDX analysis on the WO3 NWs from the seeded growth is shown in Fig. 30. Only W and

O elements were detected on the NW array. The background level from 3 to 8 KeV was a

manifestation of the continuous components of X-ray spectrum.
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Figure 31: Characterization of seeded growth WO3: XRD and Raman. (a) XRD pattern of as-prepared
sample indicating the WO3 phase and the presence of metallic core, and (b) Raman spectrum on
NWs region showing the feature of WO3.

Fig. 31a displayed the XRD spectrum of one typical sample. The peaks under circular

symbol were identified to be the monoclinic WO3 phase (ICDD PDF 01-083-0950, a=7.3008

Å, b=7.5388 Å, c=7.6896 Å, =90.89 ), while the peak under the triangular symbol was

indexed to cubic tungsten phase (ICDD PDF 04-16-3405, a=3.157 Å), in agreement with
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the EDX analysis (Fig. 30). This indicated during the WO3 seeded growth of 4 h heating at

1000 °C, the tungsten powder in the low temperature region (600-700 °C) was not entirely

oxidized. Micro-Raman scattering spectroscopy was performed on the as-synthesized sample

as well. During Raman examination, the laser spot was carefully focused onto the NWs

on powders, and several inspections on different positions were observed to ensure the

reproductivity of spectra data. As shown in Fig. 31b, five distinct bands were well resolved

with peaks located at 131, 265, 327, 711, and 803 cm , respectively. This pattern was

typical features of WO3, in consistent with previous study.[76, 84] The high background

level probably arose from the metallic core.

Figure 32: TEM Characterization of WO3: (a) TEM image of one nanowire with diameter about 40
nm, and (b) HRTEM images showing the spacing is 0.38 nm, corresponding to (002) plane distance.

TEM specimen was prepared by using carbon grid to slightly scratch the as-grown sample.

Fig. 32 show the feature of majority NWs. The growth direction was determined to be

perpendicular to (002) plane. The streaking in SAED pattern presumably stemmed from

stacking defaults during WO3 NW growth. This study also found some NWs exhibit high

crystalline quality, as revealed by the TEM analysis in Fig. 33. The NW grew normal to (002)

plane with a measured lattice spacing of 3.79 Å, which was favorably compared to the XRD

peak at (7.7103 Å). The sharp SAED pattern and clear phase contrast in HRTEM
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demonstrated strong evidence of good crystallinity. This formation indicated current growth

parameters could have promising potential to obtain highly crystalline WO3 NWs in large

scale.

Figure 33: TEM Characterization of WO3: (a) TEM image of one nanowire, the diameter is about 70
nm, and (b) HRTEM images showing the spacing is 0.379 nm, corresponding to (002) plane distance.

In regarding to the formation of NWs on tungsten powder itself, this study assumed the

driving force was related to interfacial strain between W and WOx. Oxidation of tungsten

proceeded slowly at room temperature and an oxide layer of 100 Å was found on the surface

of tungsten foils.[81] The tungsten powder used in current study would be covered by a

thin oxide layer as well. During oxidation, different oxidation rates existed for different

crystallographic orientations on the tungsten powder. Oxidation occurring at boundaries and

defects were thermodynamically preferred.[85] Compressive strain gradually accumulated

at the tungsten oxide/tungsten interface, which might limit the diffusion rate of oxygen at

temperature lower than 500 °C.[83] At elevated temperature, cracks primarily occurred, as

observed in Fig. 26. When heated up, tungsten and the oxide shell probably relaxed the strain

by converting into sub-stoichiometric NWs, a similar process as suggested by Klinke et al.

in the chemically induced strain growth of tungsten oxide NWs.[63] It is worth noting that

tungsten oxide nanowires could also formed when WO3 was reduced.[86] The elongation
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of WOx was thermodynamically favorable during the conversion from metallic tungsten to

tungsten oxide as well. Local evaporation-condensation process might also contribute to the

formation of NWs on tungsten powder.

The enhanced yield of NWs obtained via the seeded growth could be explained by a

vapor-solid (VS) mechanism. External supply of growth species condensed onto the powders

and substrate simultaneously, promoting the elongation of NWs on powers as well as resulting

film growth on substrates. The local NW density in oxidation experiment was much higher

than that of seeded growth. It was reasonable to presume that during the seeded growth,

several NWs in a small region on powder coalesced, as evidenced by the bundled structures.

At last, the author would like to point out that when low purity tungsten powder (3N) was

used as source, sodium tungsten oxide nanowires were found to be dominant in the final

phase. The details have been published.[87] It seemed surprising that when 3N powder was

used as seeds, only WO3 nanowires were obtained. This result was attributed to the lower

temperature and significantly reduced amount of 3N powder used in the seeded growth,

compared with the conditions used in Ref.[87]. The source material in the seeded growth

is not limited to high purity tungsten powder. Instead, any material that could produce

appropriate growth vapor could be employed, indicating the versatility of this approach.

3.3.3 Tungsten Oxides: Other Method

Another interesting approach for WO3 NW growth were also found in this study, producing

WO3 NWs of high crystalline quality. The method was supposed to be related to the vapor

flow dynamic in the deposition region. As shown in Sec. 3.3.1, the non-seeded growth using

high purity W powers mostly led to thin film growth on the substrate of 1 inch long. In
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(a) (b)

Figure 34: Characterization of flow growth WO3: SEM. (a) Low magnification SEM image showing
dense array of NWs, and (b) High magnification SEM image of NWs grew out of layer and close-up
view on individual wire.

contrast, it was found that when two shorter substrates were closely placed together, the WO3

NW yield was significantly enhanced in the second substrate located in lower temperature

region. For instance, substrate 1 (sub1) was located at 6.75 to 7 inch (Fig. 11 horizontal

axis on page 34), and substrate 2 (sub2) was placed in close vicinity of downstream end

of sub1. W source was moved to 5 inch, and 0.3 sccm O2 was used to reduce the WOx

vapor pressure. Deposition on sub1 was characterized by thin film, similar to those shown

in Fig. 25b. However, deposition on sub2 (Fig. 34a) was in sharp contrast to that shown in

Fig. 25c, although they were both located in the low temperature region of reaction chamber.

The NW density was dramatically increased when two separate substrates were employed.

The NWs had length about 1 m to 2 m and diameter about 200 nm. Close-up view (inset

of Fig. 34b) shows the NWs exhibited sharp facets, implying its high crystalline quality.

The growth mechanism here can be explained by aforementioned VS process as well.

Both local flow and temperature played an vital role in the formation of dense NW array.

Splitting one substrate into two presumably introduced some fluctuation in the vapor flow.
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In spite of the high crystalline quality, the WO3 was not long enough, and the yield was

limited by the evaporation of source materials; therefore this approach was not seriously

pursued in this study.

3.4 Summary

A systematical investigation of WO3 nanowire growth using CVD method with tungsten

powders as precursor was performed. Four kinds of tungsten powder sources were used,

and the sodium impurity effect was throughly studied. Na5W14O44 NW was first reported

from this study; the crystal structure was investigated in detail, and HRTEM images were

obtained. Besides, the Raman vibrational spectroscopy of Na5W14O44 was also identified.

The presence of sodium tungsten oxide phase indicated that the CVD growth of WO3 was

extremely sensitive to Na contents. The insight of WO3 growth kinetics we have gained from

this study could help establish a systematic connection between the interaction of transition

metal oxide and alkali metal ions, thereby turning this deleterious effect into a beneficial

approach of controlled growth. In fact, favorable results has been observed on both WO3

and MoO3 1D nanostructures syntheses using NaOH treated Si substrates. Details will be

presented in Chapter 4 and 6, respectively. Moreover, two alternative approaches of WO3

NWs were also attempted, and the seeded growth method proved effective for large scale

growth.



CHAPTER 4: VAPOR-SOLID-SOLID GROWTH OF MOLYBDENUM OXIDE

4.1 Introduction

In this work, a new growth mechanism of molybdenum oxide (MoO3) 1D structures

was discovered, manifest as MoO3 long nanobelts and micro-towers. The samples were

synthesized using a group of alkali metal based catalysts, including NaOH, KI, and Na2CO3.

In contrast to the sole axial growth found in the conventional catalyst-assisted process, two

different growth modes were observed for the 1D MoO3 deposition: transverse and axial

growth. In the transverse mode, the 1D structures grew parallel to the catalyst-deposition

interface with catalyst particles on the side surfaces; whereas in the axial mode, the crystal

grew perpendicularly to the catalyst-deposition interface. The growth modes were explained

by a modified vapor-solid-solid (VSS) mechanism, and the growth kinetics were explored

in detail.

The remaining sections are organized as following: a brief review on previous studies of

MoO3 is given first, followed by the synthesis method in this dissertation. Emphasis will be

placed on morphological and crystal structure characterization of 1D MoO3 nanostructures

and the verification of proposed VSS mechanism. This chapter concludes with a summary

of VSS growth and preliminary results on morphology controlled MoO3 nanostructures.

4.1.1 Properties and Applications of Molybdenum Oxide

Molybdenum oxide (MoO3) crystallizes in three phases: orthorhombic -MoO3, mon-

oclinic -MoO3, and the metastable hexagonal h-MoO3.[88, 89] -MoO3 phase (hereafter
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MoO3) exhibits anisotropic structure with strong bonding along [001] and [100] direction

while van der Waals interaction along [010] direction.[90] Due to this unique structure,

MoO3 has been found to have several important properties and a wide range of technological

applications, such as electrochromism and photochromism,[91] lubricants,[92] photocata-

lysts,[93] and gas sensor, including CO,[94] NO2,[95] H2,[25] and ethanol.[96] Moreover,

other features arise when nanoscale MoO3 is specifically prepared, e.g. field emission.[97,

98] As a layered hosting material, MoO3 can be further modified by intercalating with alkali

ions[99–101] and even divalent ion.[102] This structural richness has enabled improved

performance in Li-ion[103] and sodium-ion batteries.[104] In combination with TiO2 form-

ing a core-shell structure, these nanoparitcles were reported to lower the photon absorption

energy of TiO2.[105] When MoO3 was combined with Ag as layered structure, transparent

conducting behavior was observed.[106] In addition, MoO3 has been a good precursor for

preparing other useful materials, such as MoS2 fullerene[107] and few layer MoS2.[108]

Recently, 2D atomic layers attract intensive research efforts, and MoO3 can be used in

fabricating the van der Waals heterostructures.[109]

The coordination number of Mo in MoO3 is six; thus MoO6 octahedra are often considered

as the building block. As shown in Fig. 35, the layered structure consists of zig-zag rows of

edge-sharing MoO6 octahedra, and the rows are mutually connected by corners. Another

point of view emerges when one considers the fact that four of the six surrounding O atoms

are at distances from 1.67 to 1.95 Å, while the remaining two are as far as 2.25 and 2.33

Å, MoO3 could also be considered as chains of MoO4 tetrahedra connected by the sharing

of two oxygen corners with two neighbouring tetrahedra in axis. The infinite chains of

MoO4 tetrahedra form half-layers in the plane. Two half-layers, which are stapled along
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Figure 35: MoO3 crystal model.

axis, build up one MoO3 layer.[110] This view stresses that the MoO6 octahedra are rather

distorted.

It is known that a series of molybdates form when alkali metal ions are incorporated into the

MoO3 lattice, and the structures are summarized in Table 11. Due to the weak cation-oxygen

bonding, alkali metal cations only introduce small perturbations into the energies of Mo O

matrix in comparison to cations of other elements. And no mixing of vibrations of the cationic

sublattices with that of Mo O lattices is anticipated. So the structural features of Mo O

polyhedra are dominating factors affecting the vibration frequencies and thermodynamic

values of the molybdates.[70]

Molybdenum bronze also exhibits intriguing features; for instance, charge density wave

(CDW) states11 was found in blue bronze K0.3MoO3, which can be prepared by electrolytic

reduction of K2MoO4 and MoO3 melt.[111] K0.3MoO3 stays as monoclinic phase at room
11In CDW states, conductivity is non-Ohmic above a threshold electric field.
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Table 11: Crystal structures of alkali metal molybdates and tungstates

formula structure
A2O:MO3

a isolated tetrahedral MO4 anions
A2O:2 MO3 chain-type anions of MO4 and MO6
A2O:3 MO3 chain-type anions of MO5 and MO6
A2O:4 MO3 chain-type anions of MO6
a A = Li, Na, K, Rb, Cs; M = Mo, W;

temperature with lattice parameter Å, Å, Å, and

and exhibits a semiconductor-to-metal transition at 180 K. Electrical transport

measurements yield an highly anisotropic ratio of DC conductivities of 1:10:1000. Along

this high conducting axis, metallic reflection behavior is confirmed by optical measurements.

Therefore, this blue bronze is also known as quasi-1D metal.[112]

4.1.2 Review of Synthesis Methods of Molybdenum Oxide

Researchers have been exploring a variety of methods to synthesize different MoO3

nanostructures. Only a brief introduction will be given here, since these efforts has been well

documented in several review articles.[90] Most of these methods can be categorized into two

groups: solution-based hydrothermal procedures [113–116] and chemical vapor deposition

approaches.[89, 97, 98, 117–119] Both methods have their own merits. Hydrothermal process

usually needs lower temperature (<300 °C), but the reaction often requires tens of hours, and

the sample requires several post-growth processing steps; whereas vapor deposition demands

relatively high temperature (>500 °C) with a few hours reaction time. Both methods are

scalable for industrial applications. However, the hydrothermal treatment seems to allow

more nanostructures control than does the vapor deposition method. Nanobelts,[113] helical

nanosheets, nanoflowers, nanorods,[115] and nanoribbons[116] were obtained by the former
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one while nanoflakes,[120] nanobelts,[121] and nanowires[10, 98] dominated the product

morphology for the latter one. The assistance of Au catalyst in vapor deposition only

altered the orientation[119] or served as preferred nucleation sites[122] without producing

new MoO3 structures. Chithambararaj et al. prepared hexagonal MoO3 nanocrystal via

hydrothermal method and demonstrated the photodegradation of methylene blue (MB) under

visible light.[123] The efficiency dependence on catalysis/dye ratio, light intensity, and

temperature was studied. h-MoO3 was mostly synthesized using solution methods, where

NH4
+ and OH-- were possible structure directing and stable agents. The band gap of h-MoO3

estimated from diffusion reflection spectrum is eV. Hexagonal phase of MoO3 is

readily identified by the XRD pattern (strong peak at ). It is worth noting that in

spite of these numerous growth of MoO3, reports on catalytic growth are still scarce.

4.2 Experimental

The reactants used in this study were listed in Table 12. All reactants were used as received

without further processing.

Table 12: Reactants list of MoO3 growth

Material Stock No LOT Purity Vendor
NaOH S318-500 070241 99.8% Fisher Scientific
NaI 11665 K11W054 99.9% Alfa Aesar
KI 42857 H06Z051 99.9% Alfa Aesar
Na2CO3 33377 114X012 99.95% Alfa Aesar
Molybdenum 00932 I07S024 99.9% Alfa Aesar

Silicon substrate was first cleaned according to the procedures stated in Sec. 2.1.2 on

page 11 and directly used in non-catalyst-assisted experiment. In catalyst-assisted growth,

hydrophilic Si substrates were first drop-cast with NaOH (or KI, Na2CO3) solution (54
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L 10 mM) and then air dried in a chemical fume hood before experiment. Other alkali

ions-containing substrates, such as glass (Fisher Scientific, microscope slide, 12-549) and

indium tin oxide (ITO) coated glass (Delta Technologies, 25Ω), were cleaned by the same

routine except the absence of plasma cleaning and subsequent aqueous solution dipping.

Mica was cleaved right before growth without other treatment. In a typical catalytic synthesis

Table 13: Physical constants of reactants

Material MP(°C) BP(°C) Reference
NaOH 318 1388 [124]
NaI 651 1300 [124]
KI 681 1330 [124]
Na2CO3 851 Not determined [124]
Na2MoO4 687 Not available [124]
MoO3 795 1155 [124]
MoO2 1100(decomp) Not available MSDS

(Fig. 36), molybdenum powders were loaded at the center of the reaction chamber with the

receiving substrate placed at the downstream. The reaction chamber was first pumped down

to 10 mTorr, and then brought up to 200 mTorr with 10 sccm O2 and 10 sccm Ar. The

Figure 36: CVD growth setup of MoO3. The triangular labels were measured points at ambient
environment.
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heating temperature at the center was ramped up to 800 °C in 30 min and lasted for 120

min. Then the heating power was turned off, and the chamber was allowed to naturally

cool to room temperature. During the growth, the growth temperature along the substrate

was about 620 °C to 300 °C according to the temperature profile measured at atmospheric

pressure. Non-catalytic growth shared the same procedure except the NaOH treatment on Si

substrates.

4.3 Results and Discussion on Molybdenum Oxide

In this section, the growth of MoO3 on bare Si substrates was presented first, followed by

catalytic growth, both of which were characterized by SEM, XRD, TEM and EDX. Then the

catalytic growth mechanism was investigated using NaOH treated Si substrate. The growth

mechanism was probed using two series of control experiments. Then, a VSS growth model

was proposed and verified. In the end, this growth model was applied onto other substrates

with alkali metal ions, and various MoO3 nanostructures were produced.

4.3.1 Non-catalytic Growth

For MoO3 non-catalytic growth, this study observed micro-flakes morphology, as shown

in Fig. 37. Most flakes exhibited rectangular shape with average thickness of one micrometer

and standard deviation of m.

As shown in Fig. 38, the crystal structure and phase of the as-synthesized specimen were

examined by XRD and Raman. The XRD pattern (Fig. 38a) was readily indexed to the

orthorhombic phase of MoO3 (ICDD PDF 05-0508, a=3.9628 Å, b=13.855 Å, and c=3.6964

Å). The space group is . This crystal structure is indeed a unique example among

transition metal oxides, representing a transitional stage between tetrahedra and octahedral
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(a) (b)

Figure 37: Representative morphologies of MoO3 on Si: (a) low magnification and (b) high magnifi-
cation SEM images of representative depositions of MoO3 on Si for non-catalytic growth.

coordination.[110] The strongest peak index was (110), suggesting the orientation of MoO3

was not parallel to the substrate, in consistent with the morphology displayed in Fig. 37a. In

contrast, different dominating orientation was observed in the XRD pattern from catalytic

growth (Sec. 4.3.3). The Raman spectrum of the as-synthesized specimen also closely

10 15 20 25 30 35 40 45 50 55 60 65

00
221

0
20

0

�

�

�

 

In
te

ns
ity

 (a
rb

. u
ni

t)

2θ (degree)

02
1

04
0

11
0

�

�

�

�

02
0

06
0

�

11
1

10
1

�

�

13
0

�

15
0

�

13
1

�

14
1

�

22
0

�

23
0

�

08
0

�

�

22
1

11
2

�

04
2

� 25
1

�

(a)

100 200 300 400 500 600 700 800 900 1000

117
129

158

199
218

247

284
292

337
380 474

667

820

996

 

in
te

ns
ity

 (a
.u

.)

Raman Shift (cm-1)

(b)

Figure 38: Crystalline phase characterization of MoO3 on Si: (a) XRD pattern and (b) Raman
spectrum of typical MoO3 on Si, nm.

matched MoO3 features observed in previous studies.[84, 125] During measurement, the

laser spot was carefully focused onto the MoO3 flakes, and several inspections on different

positions were observed to ensure the reproductivity of spectra data. As shown in Fig. 38b,
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14 distinct bands were well resolved. The 284 cm peak represented the wagging mode for

double bond O Mo O. The 337 and 380 cm peaks were assigned to O Mo O bending

and scissoring modes, respectively. The 199 cm peak and two other weaker peaks at 218

and 247 cm represented O Mo O twist, chain mode, and O Mo O twist

mode, respectively. The 667 cm peak was assigned to triply coordinated oxygen stretching

model resulting from edge-shared oxygen in common to three octahedral. The 819 cm

peak arose from doubly coordinated oxygen stretching mode between two octahedral. The

996 cm peak was from unshared oxygen stretching mode.[126] The Raman symmetry

assignment is summarized in Table 14.

Table 14: Experimental Raman peaks assignment of MoO3 on Si.[126, 127]

this work(cm ) Sym. Assignment
117 RCMa

129 RCM
158 RCM
199 O Mo O twist
218 RCM
247 O Mo O twist
284 O Mo O wag
292 O Mo O wag
337 O Mo O bend
380 O Mo O scissor
474 O Mo O stretch,bend
667 O Mo O stretch
819 O Mo stretch
996 O Mo stretch

a R chain mode;

4.3.2 Catalyst-assisted Growth

All samples in Sec. 4.3.2 were grown for 2 h, the same as that in Sec. 4.3.1. The only

difference in growth conditions from Sec. 4.3.1 was the Si substrate treatment. When NaOH
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was applied onto Si, the deposition morphologies were changed significantly. Fig. 39 show

a comparison of the morphology difference between the non-catalyst growth (Fig. 39a)

and the catalyst-assisted growth (Fig. 39b-f) revealed by SEM imaging. The non-catalyst

growth morphology has been discussed from Fig. 37 on page 69. Several different structures

emerged when catalyst was applied, such as nanobelts in Fig. 39d with length up to hundreds

of microns and microtowers in Fig. 39f with diameter around 10 m. A detailed description

of these MoO3 nanostructures has been published and can be found in Ref.[128].

Figure 39: Effect of alkali metal based catalysts on the morphology of MoO3 depositions: (a) SEM
image of rectangular nanoplates grown without catalysts. (b-f) SEM images of different morphologies
grown with NaOH catalysts: (b) nanobelts grown on top of dense array of nanoplates,(c) close-up
view of the forked nanoplates from an area indicated by the square in Fig. 39, (d) long nanobelts, (e)
side-view of ultra-long microbelts, and (f) side-view of microtowers. Insets show detailed features of
different MoO3 structures.

The crystal structures of the as-synthesized specimens were characterized with XRD for

the non-catalyst growth (Fig. 40a) and catalyst-assisted growth (Fig. 40b). The calculated

lattice parameters and standard database value (ICDD PDF 05-0508) matched favorably,

as listed in Table 15. No other phases were found from XRD spectra for both specimens.

This result indicated that if there were any catalyst phases present in the catalyst-assisted
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specimen, they must be of extremely low amount as compared to that of the MoO3 phase,

presumably below the detection limit. The XRD pattern of catalyst-assisted growth shown in

Table 15: Lattice parameters of MoO3 derived from XRD

(Å) (Å) (Å)
Non-catalytic growth 3.963 13.882 3.701
Catalytic growth 3.967 13.865 3.701
PDF 05-0508 3.9628 13.855 3.6964

Fig. 40b was dominated by the (0 0) family peaks, showing a different preferred orientation

from the non-catalytic growth. The reason will be discussed in Sec. 4.3.3. Fig. 40c show

low magnification TEM image of a rectangular nanoplate grown without catalysts and the

SAED pattern. The nanoplate was exfoliated by ultra-sonication in acetone solution to obtain

high-resolution TEM (HRTEM) image; hence, the nanoplate was broken into fragments.

The SAED pattern in [010] axis and the HRTEM image (Fig. 40d) show the nanoplate had

a (010) top surface and two orthogonal edges along [100] and [001], respectively. For the

catalyst-assisted growth, Fig. 40e and Fig. 40f-g confirmed both the forked nanoplate and the

nanobelt had a (010) top surface and a growth direction of [001]; while Fig. 40h revealed the

microtower grew with (010) layers stacking along a [010] direction. Lattice measurements

in Fig. 40d and g indicated a planar distance of 0.38 nm for (100) planes and 0.36 nm for

(001) planes. These values were slightly smaller than the standard data for -MoO3 and

the results from XRD measurements. This deviation in lattice parameters may arise from

the error in TEM measurements and/or the lattice distortion of MoO3 during the electron

beam irradiation.[129] These results indicated that all the as-synthesized 1D structures had

a layered structure. Raman measurement on the catalytic growth sample revealed similar

MoO3 bands, as already displayed in Fig. 38 on page 69.
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Figure 40: XRD and TEM on MoO3 growths with and without catalyst. XRD spectra of (a) a specimen
grown without catalysts and (b) a specimen grown with NaOH catalysts. (c) Low-magnification
TEM image and (d) HRTEM image of nanoplate grown without catalyst. Low-magnification TEM
images of (e) forked nanoplate, (f) nanobelt, and (h) microtower, and (g) HRTEM image of nanobelt.
Insets show SAED patterns of different MoO3 1D structures

4.3.3 Growth Mechanism Study

The growth process of the 1D MoO3 nanoflakes in non-catalytic experiment can be ex-

plained by the vapor-solid (VS) mechanism, as proposed in other vapor phase depositions of

MoO3 nanostructures.[130, 131] It has been shown that MoO3 growth on the NaOH treated

Si substrates exhibited dramatic differences. Previous study in our group had found that

MoO3 deposition on ITO glass exhibited new morphologies that were not observed on Si sub-

strates under the same growth conditions, yet the mechanism was not well investigated.[132]
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A list of composition difference between glass and Si substrate show the additional elements

of Na, K, and Ca, etc in glass. Since the concentration of Na is highest among these extra

elements, it is most likely that Na content induced the new morphology growth. Therefore,

a vapor-liquid-solid (VLS) or analogous mechanism may exist for the MoO3 growth when

alkali metal ions are involved. To provide a proper context, VLS process is briefly introduced

here.

VLS was first proposed by Wagner[133] and further developed by Givargizov.[134] This

method has become an important strategy for synthesizing 1D nanostructures.[135] Conven-

tionally, a liquid eutectic droplet is formed by catalyst itself or by alloying with the growth

material, acting as a trap of growth species. The growth is initialized by supersaturation

of the liquid alloy, and subsequently precipitation occurs at the solid-liquid interface. The

choice of catalyst usually is among the several noble metals, since they are physically active

but chemically stable or inert in most growth scenarios. The growth materials span a wide

range, including group IV,[136] group III-V,[137–139] group II-VI,[140] and some metal

oxides, such as ZnO,[141, 142] MgO,[143, 144] SiO2,[145] and TiO2,[146] to name a few.

The catalysts can be Au, Pd, Pt, Ni,[138] Ti, Ga,[145] and even KI. Understanding the

interaction between liquid droplet and the solid interface allows for a rich engineering space

to fine tune the geometry and structures of the as-grown nanostructures. For instances, the

diameter of Si nanowires can be controlled by laser ablated catalyst[147] or well-defined

Au nanoparticles.[148] Under proper conditions, axial modulation can produce nanowire

superlattices from group IV and III-V materials.[149, 150] Radial composition modulation

has also been demonstrated by selectively suppressing VLS process, providing a robust

routine for homogeneous or heterogeneous core-shell structures.[151]
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Back to the MoO3 and alkali metal ions, a literature search found that there exists a

Na2MoO4-MoO3 phase diagram, as shown in Fig. 41.[152] Note that the phases of the

Na-Mo-O system can be written as Na2O nMoO3, where n = 1, 2, 3, and 4. Based on this
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Figure 41: Phase diagram of Na2MoO4-MoO3 reproduced from Ref. [152]

phase diagram, the physical constants of reactants in Table 13, and the growth conditions

adopted in this study, it was predicted that the overall reactions occurred in the following

sequences. First, Mo powder was oxidized, and MoO3 vapor was produced and transported

to downstream by Ar carrier gas. Then, NaOH reacted with the incoming MoO3 vapor

according to Formula 13.

(13a)
(13b)
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The melting point of Na2MoO4 is 687 °C. Based on the open air temperature profile

(Fig. 36), the substrate was located in temperature zone between 620 °C and 300 °C. Since

the growth temperature range for MoO3 (525 °C to 300 °C) deposition was mainly below

the lowest eutectic temperature of 507 °C, the majority growth of MoO3 can be explained

as a VSS process, which is analogous to the VLS process except that the catalysts remain

as solid particles. The actual temperature distribution during growth was different from

ambient measurement due to the pressure change and thermal conduction along the Si

substrate. It was difficult to acquire the accurate temperatures along the substrate; however,

by considering the flow rate, the actual temperature should be higher than that predicted by

open air measurement.[153] Thus, VLS mechanism cannot be ruled out completely. The

continuous supply of MoO3 growth species pushed the phase evolution towards high MoO3

molar ratio end, with in Na2O nMoO3 increasing from 1 to 4. Each site of Na2MoO4

continued absorb incoming MoO3 growth species. MoO3 precipitated from these seeds

when a critical supersaturation concentration was reached, which was about 75% in unit of

mole according to Fig. 41. This ratio considerably exceeded that of the usual metal catalyst

scenario, such as the Au-Si system. This high solubility accounted for several observations

in current experiments: the dimensions of individual deposit was much larger than that of

initial particle and the concentration of sodium in final products was extremely low. Based

on this aforementioned analysis, the author proposed following hypothesis:

The reaction on NaOH-Si substrate follows the phase diagram, and Na2Mo4O13 serves as

the catalyst promoting various 1D MoO3 growth in a VSS mechanism.

In a typical 2 h growth, the MoO3 weight increase was about 20 mg, which was

mol. This amount far exceeded the applied NaOH of mol used in the procedure of
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Sec. 4.2 on page 66. To capture the early stage growth, the supply of MoO3 must be reduced

in a controlled way. This can be accomplished by tuning two factors: oxygen flow rate and

growth time. In this thesis, two series of controlled growth were used to probe the evolution

of MoO3 deposition on NaOH-Si substrate. The first series regulated O2 flow at 0.1, 1, 3,

and 10 sccm with fixed growth time of 15 min. The second series controlled the growth time

at 15, 30, 60, and 90 min with fixed O2 flow of 10 sccm. Two series shared one common

growth of 10 sccm O2 for 15 min.

The oxygen regulated growths were characterized using SEM, EDX, and Raman, as

shown in Fig. 42. When O2 flow was sccm, the deposition show micron size plate

growth (Fig. 42a and d). As oxygen flow became higher, the deposition amount increased

dramatically, with a morphology of 1D forked plate decorated by triangular shape particles.

Micro-Raman scattering was used to probe the phase change during the oxygen regulated

growth. The Raman spectra of sodium molybdates was featured with multiple strong peaks

located between 800 and 1000 cm , which was referred as high-frequency region hereafter.

MoO3 phase show two peaks in this region with the strongest one at about 820 cm ;

Na2Mo2O7 phase exhibited four peaks in this region with the strongest one moving to 937

cm , whereas Na2Mo4O13 phase show even more peaks in the high-frequency region with

a doublet at 962 and 970 cm , respectively.[154, 155] As predicted by the phase diagram

(Fig. 41), Raman spectra identified Na2Mo2O7 phase in the 0.1 sccm growth (Fig. 42b),

and Na2Mo4O13 phase on the particles in the other three growths (Fig. 42e, h, and k). This

observation supported the previous hypothesis about the reaction sequences on NaOH-Si

substrate (Formula 13). Element analysis performed on the Raman sites also confirmed

the presence of Na, Mo, and O in particles growth and only Mo and O in the plate growth
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Figure 42: Evolution of the early stage for catalyst-assisted MoO3 growth: SEM images, micro-Raman
spectra, and EDX spectra of the specimens grown for 15 min with different O2 flows of (a-c) 0.1
sccm, (d-f) 1 sccm, (g-i) 3 sccm, and (j-l) 10 sccm.

(Fig. 42c, f, i, and l). It is worth noting that the absence of Na signal in the forked MoO3

plate indicated the doping level would be lower than the detection limit of 0.01 wt.% if the

Na doping ever occurred. It should also be pointed out the existence of Na2Mo3O10 phase is

in doubt so far, and no Raman fingerprint is reported.[70] Table 16 compared the Raman

spectra of sodium molybdates and MoO3 between present work and literature reports. The

morphologies of second series experiment at constant O2 flow and varied growth time were

shown in Fig. 43. The 15 min and 30 min growth show that dense arrays of MoO3 forked
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nanoplates with a length of hundreds of micrometers covering the substrate areas at different

temperatures. With the increase of the growth time, these nanoplates kept growing and

became larger, longer, and denser. Long 1D MoO3 structures started to grow on top of the

nanoplate arrays. For 60 min growth, long nanobelts appeared on top of the nanoplates.

For the growth time of 90 min, the nanobelts grew longer, and some grew into microbelts.

Microtowers started to grow as well.

Figure 43: Growth evolution of the second stage of catalyst-assisted growth of MoO3 1D structures:
SEM images of the deposition with growth time of (a-d) 15 min, (e-h) 30 min, (i-l) 60 min, and (m-p)
90 min at growth temperature of 525 °C, 445 °C, 390 °C, and 340 °C, respectively.

To reveal the growth mechanisms for the long 1D structures in the second stage, specimens

were carefully examined to locate the catalyst particles. Small catalyst particles ranging
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from several hundred nanometers to several micrometers were found at different locations of

these long 1D structures. As shown in Fig. 44 and Fig. 45, EDX element analysis confirmed

the presence of Na, Mo, and O in these particles, suggesting the particles were sodium

molybdate catalysts.

Figure 44: SEM images and EDS spectra identifying the location, morphology, and composition of
the catalyst particles on the nanobelt structures: (a-b) a catalyst particle (I) in the middle of a nanobelt
(II), (c-d) two catalyst particles (I and II) leading the growth of two perpendicular nanobelts.

Figure 45: SEM images and EDS spectra for identifying the location, morphology, and composition
of the catalysts on the microtower structures: (a-b) a tiny catalyst particle (I) on top of a small cone
shaped microtower (II), and (c-d) a catalyst particle (III) on a large and short microtower (IV).

It could be of difficulty to observe the sodium molybdate particles on the as-synthesized

belts and towers due to the following two factors, one is the consumption of catalysts, such as

evaporation; the other is the unpredictable location of the catalyst. Unlike the conventional
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VLS growth where the catalysts were predominantly found at the tip of 1D nanostructures,

the catalyst in this study were mostly found at the side wall of long nanobelts, and the

location could be on the tip or several microns away from the tip. As for the microtowers, it

was even rare to observe Na element. Some observations under similar controlled growth

conditions was also listed as following to support the proposed growth model:

1. When no Mo powder was used, NaOH still held onto substrate with some locations

exhibiting etching.

2. 1 min growth show plates in high temperature end and irregular shapes in low temper-

ature end.

3. 15 min growth show MoO3 plates parallel to substrate, with some belts emerging and

growing out of the substrate plane. This was presumably due to the growth direction

mismatch between different plates. Morphology will also depend on local NaOH

concentration. NaOH trace mark turned into connected plates at the original locations,

showing the high concentration mediated the morphology evolution. The possible

catalyst solid was sitting on the top of plate layer. Some belt-like growth was visible

on reaction chamber walls, suggesting the evaporation and transport of NaxMoO3

vapor phase;

4. Using NaOH treated hydrophobic substrates, dense tower array growth was found

along the edge areas or molten periphery of particles, where 5 min growth already

show the initial stage of tower with diameter about 1 m, which increased to 10 m

with prolonged growth.

The growth of MoO3 on NaOH-Si can be divided into two stages delimited by the emerging

of long nanobelts and microtowers. A growth model was proposed to account for the observed



83

morphologies of MoO3 long nanobelt and tower-like structures.

A transverse growth mode exists with growth direction perpendicular to the catalyst-

deposition interface, promoting MoO3 nanoplate and nanobelt growth. A axial growth mode

akin to conventional VLS process exists, and is responsible for MoO3 tower-like growth.

The first stage was dominated by transverse growth. The atomic steps in proposed growth

model were depicted in the upper panel of Fig. 46. It has been verified that Na2Mo4O13

formed during the early stage of growth and acted as catalysts. Although the exact phase

(liquid or solid) of Na2Mo4O13 was not known yet in current study, it can be deduced

that the Na2Mo4O13 existed as an active site for the adsorption of incoming MoO3 growth

species. Several pathways could occur after the accommodation of MoO3 vapor and su-

persaturation. MoO3 could precipitate at catalyst-deposition interface, or propagate along

catalyst-environment boundary and spread on the already formed MoO3 surface. Meanwhile,

the VS process is not suppressed and MoO3 adatoms could directly condense on MoO3

surface. Some unique features of MoO3 must be taken into consideration to properly evaluate

Figure 46: Schematic drawing on the growth steps of the proposed growth mode.

the dominate pathway(s). It has been reported that MoO3 can spontaneously spread over the

surface of supports (e.g. Al2O3, SiO2, and Au) to form a monolayer or submonolayer at a

temperature (257 °C) well below the melting point.[156] This strong spreading behavior
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can be explained by the solid-solid wetting process, in which the driving force was the

decrease in total surface free energy.[157] Although the detailed transport mechanisms of

the spreading are still in debate, it is suggested that the high mobility of the Mo oxide species

on substrates and MoO3 islands can promote the spreading and the ambient gases could

further enhance the spreading.[158, 159] Based on above analysis and the final morphology

of MoO3, the dominance of accommodation and spreading pathway in higher temperature

part of the growth sample was most possible in this study. Hereby the transverse growth

mode was attributed to the strong spreading capability of MoO3. The final morphology of

observed nanoplate and nanobelt was a combined result of VS and VLS growth. On the

other hand, the tower-like structures in the second stage followed the axial growth mode in

conventional VLS process. The molybdates can be evaporated from the higher temperature

end and re-condense onto the lower temperature region. As illustrated in the lower panel of

Fig. 46, this could initiate either belt growth or tower growth depending on the locations.

The microtowers in this study primarily grew at the low temperature end of the substrate,

where the spreading capability of the Mo oxide species was possibly limited. Thus the

transverse growth pathway was probably suppressed and axial growth became dominant.

The above analysis was substantiated by the multiple observation revealed by SEM imaging,

as shown in Fig. 47.

The transport of molybdates in proposed growth model was verified by a side-by-side

experiment, as schematically depicted in Fig. 48a. Two substrates, one with NaOH catalyst

and one bare substrate, were loaded side-by-side at the same location for the growth. To

avoid any possible catalyst transports through surface diffusion, the two substrates were

separated with several millimeters gap in between. After the growth, besides the non-catalyst
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Figure 47: SEM images for catalytic MoO3 growth: SEM images showing catalyst particles at
different locations: (a) tip of a forked nanplate, (b) middle of a nanobelt, and (c) tip of another
thin nanobelt; SEM images of microtowers with different morphologies: (d) cylindrical shape with
tapered tip, (e) flat top, and (f) cone shape.

rectangular plates, catalyst induced 1D MoO3 structures were also found on the bare substrate

(Fig. 48b-i). This result clearly confirmed that the catalyst can be evaporated and transferred

from the NaOH-treated substrate onto the bare one. The catalyst vapors can nucleate and

form catalyst particles on the MoO3 deposition promoting the VSS growth of different

1D structures. It is worth mentioning that catalyst particles were not observed on all the

1D structures. This fact can be explained by following reasons: a) Catalyst particles can

nucleate at any locations along the 1D structures. Some particles may be invisible hiding on

the backside of the 1D structures; b) Because of the evaporation, the catalyst particles may

become too small to be detected. Some particles could even have disappeared terminating

the catalyzed growth, which may explain the growth of the microtowers with a flat top. The

evaporation and nucleation of catalyst not only promoted the growth of the 1D structures in
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Figure 48: Side-by-side growth of MoO3. (a) Schematic drawing of the side-by-side growth with one
NaOH catalyst treated substrate and one bare substrate. SEM images of the growth on the untreated
substrates at different growth times: (b-e) 30 min and (f-i) 120 min. For 30 min growth: (b) low
magnification SEM image showing labeled growth areas with different morphologies, (c) rectangular
nanoplates grown without catalyst, (d) nanobelts grown with catalyst, and (e) forked nanoplates
grown with catalyst. For 120 min growth: (f) rectangular nanoplates without catalyst, (g) forked
nanoplates with catalyst, (h) microbelts with catalyst, and (i) microtowers with catalyst.

the second stage growth, they also shaped the morphologies of these 1D structures. Many

1D structures in the second stage were found to have a tapered shape, such as triangular

nanobelts (Fig. 39b and d), microtowers with tapered tips (Fig. 39f). Several factors can

contribute to the tapering of the 1D structures. First, the reduction in catalyst size may

induce the tapering. Owing to the evaporation, the size of the catalyst particles can shrink

during the growth resulting in the tapered growth. The VS growth on the side surfaces

was another possible mechanism, which promoted the radial growth of the 1D structures

forming the tapered shape. Another important factor was the gradually reduced growth

during the cooling process. During the cooling, the MoO3 vapor supply reduced, and the
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growth temperature gradually decreased. Hence, the growth rate slowed down producing

the tapered tips on the top of some 1D structures.

4.3.4 Growth with Other Alkali Metal Catalysts

In analogy to the Na2MoO4-MoO3 binary phase diagram, other alkali metals, such as Li

and K, could also form A-Mo-O alloy at elevated temperature. This has potential for using a

variety of alkali metal based material as catalysta to promote VLS or VSS growth of MoO3.

Two groups of experiments have been performed in this study; the first one used KI and

Na2CO3 treated Si substrate and the second one used alkali metal ions containing substrate,

including ITO/glass, glass, and mica. Fig. 49a-b show the long belt growth on KI treated

Si substrate and the forked plate growth on Na2CO3 treated Si, respectively. Compared to

NaOH-Si growth, the belt on KI appeared with rough edge; whereas no long belt or tower

was observed on the sample with Na2CO3.

Figure 49: Alternative catalysts for MoO3 growth. SEM images of MoO3 1D structures: (a) nanobelts
grown with KI on Si and (b) the forked plate growth with Na2CO3 on Si.

Fig. 50a-c illustrated microtowers grown on ITO glass, sword-shape belts on glass, and

nanobelts growth on mica, respectively. The towers on ITO glass exhibited stacking fea-

tures. The sword-shape belts on glass arose from a combination of VSS and VS mechanism.

The long belts found on mica (K(Al2)(Si3Al)O10(OH)2) probably stemmed from potassium-
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catalyzed VLS mechanism.[101]

Figure 50: Alternative catalysts for MoO3 growth. SEM images of MoO3 1D structures: (a)
microtowers grown on ITO glass, (b) triangular microbelts grown on glass, and (c) nanobelts and
microbelts grown on mica.

A rudimentary analysis on the Na+ diffusion in glass was performed to understand the

growth dynamics of MoO3 on the alkali ions containing substrates. Because the alkali

ions in glass can diffuse out at elevated temperature, the proposed VSS mechanism will

modify the MoO3 deposition. Therefore, the mass transport of sodium ions in silica glass

was first estimated to evaluate the amount of catalyst available during the growth of MoO3.

The driving force could be external field or concentration gradient, and the dynamics was

governed by diffusion equation

(14)

where is concentration in unit of mol/cm , and is diffusion coefficient in unit of cm /s.

Diffusion coefficient highly depends on the overall environment in which the ions reside.

Typical values of for Na ions were listed in Table 17

The substrates used in this work were glass and ITO/glass; the relevant parameters were

as following:

• dimension: mm
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Table 17: Mass transport of sodium ions in silica glass, with diffusion coefficient in unit of cm /s.

Composition Na diffusion coefficient Reference

Quartz [160]

Sodalite [161]

Obsidian [161]

silicate glass at 420°C [162]

SiO2 glass at 670°C [163]
R is molar gas constant (8.315 J/mol/K), and T is temperature in K.

• density: 2.567 g/cm

• Na concentration: 0.01 mol/cm

• : cm /s

Substituting these values into Eq. 14, the net flux was estimated to be

mol cm s (15)

In typical growth of 2 h, the net amount of Na diffusing out of substrate was then

mol, about 10% of total Na ions in the glass substrates. The diffusion length was 190

m. Note this result overestimated since the flux will reduce gradually. Meanwhile the

molar amount of NaOH applied on Si substrate was about mol. Considering the

adjusted ratio, Na contents should be much more when using glass substrate than using

NaOH-Si substrate. Another important factor was the evaporation of sodium molybdates;

however, only one relevant report by Kazenas et al. could be found in literature.[164] The

partial pressure of Na2MoO4 was calculated to be 0.2 mTorr at 800 °C and mTorr

at 670 °C.12

12
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4.3.5 Optical Properties of Molybdenum Oxide

The optical properties of the as-grown specimen were evaluated using DRS method.

Fig. 51a show the hemisphere diffuse reflection spectrum from 800 nm to 250 nm, where the

diffuse reflection kept increasing from 27% to 33% when incident wavelength scanned

from 800 nm to about 400 nm; then, dropped sharply to 15% between 400 nm and

300 nm. The KMT function fitting was used to estimated the energy gap, as displayed in

Fig. 51b. Extrapolation indicated a gap of 3.2 eV, corresponding to absorption edge at 387

nm. This matched well with the DRS data. Another reflection peak was found at 260 nm,
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Figure 51: DRS spectrum of MoO3 nanostructures: (a) diffuse reflection spectrum, and (b) the
associated KMT function.

illustrating there is more complex electronic band structures for MoO3 above 4 eV. As a

comparison, the estimated energy gap and results from previous studies is summarized in

Table 18.

4.4 Summary

In this chapter, a new growth model of MoO3 using alkali metal ions as catalysts was

discovered and investigated in depth. The growth kinetics were closely inspected using a

series of controlled experiments. A modified vapor-solid-solid mechanism was proposed
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Table 18: Optical band gaps of MoO3

Band gap
Reference value(eV) orientation material states
[88] 2.96 single crystal
[88] 2.80 single crystal
[165] 2.8 3.2 NA films
this work 3.2 NA nanoflakes

and favorably verified. Two growth modes, i.e., transverse growth and axial growth, were

highlighted, which not only improved the yield but also allowed for versatile morphology

control of 1D MoO3 nanostructures. This methodology was further extended onto glass

and ITO glass substrates, paving the way to a more integrated process of using MoO3

nanostructures onto various solar energy saving and harvesting applications.



CHAPTER 5: TUNGSTEN OXIDE-TUNGSTEN DISULFIDE NANOWIRES

In this chapter, a TEM-Raman integrated study on WO3-WS2 core-shell nanostructures is

presented. This study leverages a home-built micromanipulator apparatus to transfer the

nanostructures from growth substrates to TEM grids. This transferring technique has allowed

for correlating TEM and micro-Raman measurement on individual WO3-WS2 core-shell

nanowires and enhancing the understanding of structure-property relations, which would

otherwise be blurred in conventional ensemble averaged methods. WO3-WS2 heterostruc-

ture was chosen due to its potential applications in photocatalysis and hydrogen evolution

reaction.[10, 166]

The remaining sections are arranged in the following order: a review on the growth of

MS2 (M = Mo, W) nanotubes (NTs) and 2D few-layer (FL) structures will be introduced first,

followed by Raman spectroscopy summary on WS2 NTs and FL. The thesis will then focus

on synthesis of WO3-WS2 heterostructure and various characterizations on both ensemble

and individual nanowires. This chapter is concluded with a brief summary and future work.

5.1 Introduction

5.1.1 Properties and Applications of Tungsten Disulfide

Tungsten disulfide (WS2) is a group VI dichalcogenide semiconductor compound. The

molecular weight is 249.97 g/mol. Almost all natural WS2 belongs to P63/mmc space group

(2H-WS2), where is 3.153 Å and is 12.323 Å (PDF 04-003-4478). Two other crystal

structures were found in man-made WS2, i.e. 1T and 3R, where 3R can be prepared by
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bromine (Br) chemical vapor transport (CVT) method [167] and 1T was generally found in

alkaline intercalated WS2.[168, 169] As a reference, the lattice dimensions of MoS2 and WS2

are summarized in Table 19. WS2 can also form tubular nanostructures in a similar way as

Table 19: Lattices dimension of MS2

2H-MoS2[170, 171] 2H-WS2[167, 172]
Lattice constant a(Å) 3.1604 3.171

c(Å) 12.295 12.359
Within MS2 layer M-3S (Å) 2.37 2.405

S-1S (Å) 3.11 3.14
Between MS2 layer S-3S (Å) NA 3.53

do carbon nanotubes. The geometrical symmetry group of WS2 NTs has been reported.[173]

The basis/lattice vectors and are defined in transition metal plane with equal length

Å. This monolayered sheet can be rolled up to form a tubular structure when the

chiral/translation vector becomes the circumference of the tube. The diameter

of a nanotube is given by

(16)

Note that , where . In analogy with carbon nanotube,

chiral angle is

(17)

Chiral angles from the interval is sufficient for all possible tube structures. Tubes

with zero chiral angle are named as zigzag; tubes with chiral angle are

armchair; consequently, all others are referred as chiral ones with . Fig. 52

illustrated basis vectors in the atomic plane of unfolded WS2 and several nanotube indices.
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Figure 52: WS2 nanotube rolling

5.1.2 Review of Synthesis Methods of Tungsten Disulfide

Shortly after the discovery of carbon nanotube (CNT) in 1991,[174] its transition metal

dichalcogenides (TMDC) counterparts, i.e. WS2, was synthesized in 1992.[175] In the

following decades, other TMDC and several metal oxides nanotubes were demonstrated as

well. Rao and Nath did an excellent work to review these inorganic nanotubes.[176] Hence,

this study recapitulated the main categories of synthesis methods:

1. Reducing MO3 in H2 and H2S atmosphere;13

2. Direct decomposition of MS3;

3. Decomposition of the ammonium salt (NH4)2MS4;

4. Using CNT as templates, arc discharge, or laser ablation.

Except the aforementioned methods, another important reaction in CVD domain was
13M = Mo, W in this work
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(18)
(19)
(20)

This reaction has been explored by several authors[177] and could be used under atmospheric

pressure.[178]

All these methods can be applied to the growth of TMDC few layer structures, directly

or with some modifications. Among all the members of TMDC nanotubes, WS2 and MoS2

NTs were probably the most well investigated.[179–184] The reaction mechanism of WO3

with H2/H2S was thoroughly studied,[185] and a high yield synthesis approach has been

established.[186] For WO3 nanoparticles precursor, it was found that the simultaneous

reduction and sulfurization was essential for encapsulation of fullerene like WS2 structures

from the oxide nanoparticles. During the sulfurization process, remaining oxide core was

gradually reduced and transformed into an ordered superlattice of CS planes. Further

reaction consumed the WOx core, leading to multi-walled WS2 NTs. For precursor of WO3

nanowires, Feldman et al. proposed that TMDC nanotubes growth began with the reduced

WO3 phases, in particular W18O49.[187] It is worth noting that MS2 can be prepared by

direct sulfurization from its oxides phase, but reaction will not proceed

unless other reducing agents, e.g. H2, are used simultaneously.[188] This fact highlights

that sulfur is chemically radical at elevated temperature.

Zhu et al. performed a detailed morphological and structural analysis on WS2 NTs syn-

thesized using WO3-x NWs and H2S.[189] Sulfur vacancy was found on the outer wall of

NT. The tips exhibited various structures. Open-ended WS2 was observed more frequently
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than did in carbon nanotubes (CNTs), which was often sealed. Zhu et al. suggested this

open-ended tubes resulted from continuous growth on other nanotubes. And the closure

configuration was rather complicated; flat caps often dominated. Zhu et al. maintained that

this oxide-to-sulfides mechanism might apply to closed caps only, not to those open ended

tubes.[189] TEM diffraction analysis could distinguish the chirality of NTs, as demonstrated

on CNT[190] and MoS2.[191] WS2 NT chirality revealed by TEM SAED show armchair

NTs often dominated. Sloan et al. investigated tungsten oxides structures incorporated in

WS2.[50] The encapsulated WOx cores often exhibited W3O8 and W5O14 phases, a feature

of the WnO3n-1 homogenous series, arising as a result of CS planes.[192] Some WOx cores

show oxygen vacancy instead of CS planes, leading to prominent streaking in SAED patterns.

Although high yield growth method of WS2 has been available, the extent to which one can

control the NT configuration was still limited: single-walled WS2 NT has not been routinely

synthesized, and the electronic properties can only be predicted theoretically. Seifert et al.

investigated the electronic structures of WS2 nanotube using DFT calculation.[193] It was

found that zigzag (n,0) NTs exhibted a direct gap at point, whose size increased mono-

tonically with tube diameter; whereas armchair (n,n) NTs, unlike its metallic counterpart of

(n,n) CNT, show indirect band gap increasing with tube diameter. Zibouche et al. reached

the same conclusion on WS2 SWNT.[194] It was also found band gaps of armchair and

zigzag NTs increased with diameter, going from values close to bulk and approaching that

of monolayer; and for a given tube diameter, of zigzag NTs were larger than those of

armchair NTs.

Parallel with the scenario of CNT and graphene, TMDC few layer structures have attracted

intensive research efforts recently. These atomic TMDC layers exhibits many appealing
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features, i.e., indirect-to-direct band gap transition,[195] and became a promising candidate

in energy harvesting, optoelectronics, and photocatalytic applications. For scientific research

purpose, exfoliation by liquid[196] or mechanical methods[197] can provide sufficient

materials, yet CVD synthesis of thickness controllable 2D TMDC is stills highly desired,

which holds the greatest potential for high yield production of MS2. So this work focused on

reviewing the CVD based methods. This study will review literatures to date on both WS2

films and few layer structures and highlight several typical investigations using different

synthesis methods, as summarized in Table 21. It is important to note that the synthesis of

NTs is relevantly independent of substrates, which is in sharp contrast to the scenario of few

layer growth. The WS2 nucleation and interaction with substrates play dominant roles in the

growth of 2D FL structures. Hence, it is reasonable to focus on the WS2 films growth, which

presumably could provide valuable insight into the nucleation process on various substrates.

Lee et al. studied the CVD of MoS2 by MoCl5 or MoF6 and H2S in great details. Phase

diagrams for Mo S Cl H and Mo S F H system at 1 kPa were simulated.[198] Endler

et al. also investigated the solid-phase diagram for Mo S Cl H Ar system.[199] It was

found pure MoS2 was main product when molar ratio of H2S-MoCl5 exceeded 2. More

important, MoS2 basal plane orientation can be parallel to substrate when the thickness was

smaller than 50 nm. Ennaoui et al. grew tungsten disulfide film using sulfurization of WO3

under N2/H2 gas flow.[200] The composition was found to be WS2.13, and the excess of

sulfur led to p-type conductivity. XRD peaks ratio was used as a measure of film orientation.

Ni3S2 phase was found, and surfactant-mediated epitaxy was proposed. Regula et al. studied

the Ni-W-S phase diagram and the role of Ni layer in promoting WS2 film growth from

amorphous WS3.[201] In-situ TEM analysis confirmed the formation of NiSx droplets and
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lateral growth of WS2 from these droplets.[202] Recently, it has been shown that direct

sulfurization of W coating (20 nm) at 750 °C on SiO2-Si can also produce WS2 film.[203]

However, the film was of bulk in nature. Previous study of WS2 growth on various substrates

by Genut et al. was summarized in Table 20.[204] It was found that the WS2 nucleated

from an amorphous WS3 phase and the substrate had a critical role in determining both the

reaction onset temperature and the texture. The adhesion of tungsten to quartz was found to

be much stronger than to glass. And oxygen-containing species, such as H2O or OH, tended

to cause WS2 basal plane perpendicular to substrate.

Table 20: WS2 growth on different substrates

precursor substrate conditions film featurea

sputtered W + H2S glass onset 400 °C at 500 °C, metastable WS3
found

quartz onset 650 °C below 950 °C
Mo onset NA at 1000 °C
W onset NA random orientation

WOx + H2S quartz onset 500 °C predominantly after 800
°C

Mo onset NA dominant
W onset NA random orientation

a : the c axis is perpendicular to the substrate, : the c axis is parallel to the substrate;

For MoS2, the reaction mechanism of MoO3 to MoS2 was studied by Weber et al.[205]

This study presumably provided guidelines for the recent syntheses of MoS2 by sulfuriza-

tion of MoO3.[108, 206–208] Similar studies on sulfurization of WO3 H2O to WS2 and

decomposition of (NH4)2WO2S2 were also reported.[209, 210] In combination with the

knowledge from WS2, this thesis compared those insight from several recent reports on

WS2 FL. Cong et al. prepared monolayer WS2 on 300 nm SiO2-Si by sulfurization of WO3

powders in a one-end sealed tube.[211] It was suggested that pre-cleaning the inner tube



99

by isopropyl alcohol (IPA) and DI water could effectively increase the pressure of vapor

source. This observation probably arose from the reduction of WO3 assisted by IPA and

water residuals, or due to the possible presence of H2S. Intermediate phase WOyS2-y and

WS2+x was proposed in the growth mechanism. The apex of triangles could be active site

of nucleation, and WS2+x formation was confirmed by secondary ion mass spectrometry.

Possible thick WS2+x flakes decomposed subsequently, leading to monolayer (ML) WS2.

The substrates were thoroughly cleaned. It was mentioned that separate sulfur heating

improved the photoluminescence (PL) uniformity. Sulfurization mechanism study of WO3

suggested W6+ cannot be directly reduce to W4+ in WS2.[209, 210] Tungsten oxysulfides

was necessary as an intermediate phase.

Peimyoo et al. prepared WS2 on SiO2-Si using WO3 powder and sulfur at 800 °C, aiming

at the light emission studies to clarify several contradictory reports.[212] Uniform PL inten-

sity was found on the triangular WS2 flakes, in contrast to previous edge enhanced PL[213].

Raman spectra (532 nm) fit included mode at 343 cm , according to the phonon

dispersion calculation [214] and experimental observation.[215–217] However, none of

these experimental reports specifically mentioned mode. Tentative assignments of

multi-phonon bands were summarized in supporting information of Ref.[216]. As to the

growth setup, similar tube furnace as in Ref [218] and [208] was used. To gain additional

wisdom on MoS2 growth, this thesis thus summarized the growth strategies in Ref [218] and

[208] as following. Zande et al. prepared MoS2 on 285 nm SiO2-Si using MoO3 and S as

precursors.[218] In contrast to the seeding method adopted in Refs.[206, 217], Zande et al.

stressed the importance of carefully cleaned substrates14 and minimum exposure of precursor
14acetone, 2 h in H2SO4 and H2O2 (3:1) and 5 min oxygen plasma
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to air.15 Dirty substrates or old precursors led to hexagonal, 3-point star or irregular poly-

crystalline structures. The growth setup was similar to those in Ref.[206]. The substrate and

MoO3 source distance was critical in determining the growth density. The synthesis strategy

in Refs.[206, 217] was briefly mentioned as well, where perylene-3,4,9,10-tetracarboxylic

acid tetrapotassium salt (PTAS) treated substrate was found to promote the deposition, while

KCl treated substrates did not; small carrier gas flow was preferred (1 sccm N2). It was

also noted that the MoS2 flakes morphology seemed more uniform in Ref[218] than that

in Ref[206]. On the other hand, Najmaei et al. also demonstrated MoS2 FL growth by

sulfurization of MoO3 nanoribbons,[208] which was applied by dispersion and meant to

control the source amount. It was found the diffusion of vapor MoO3-x was the rate-limiting

step in MoS2 growth. This indicated the amount of source was critical in successful syn-

thesis. The nucleation event was more frequently observed at substrate edges, scratches,

or rough surface. Step edges was then intentionally created to facilitate the nucleation. As

to the growth dynamics, it was postulated the oxysulfides (MoOS2 Raman spectra found),

as intermediate phase, diffused across the bare substrates and formed triangular domains

upon further sulfurization. The optimal growth conditions were 800-850 °C, 700 Torr, and

sufficient sulfur.

Zhang et al. synthesized WS2 on sapphire (0001) using WO3 powder and sulfur as pre-

cursor under 900 °C.[219] Ar slightly mixed with H2 was used to tailor the shape of WS2

flakes. It was found the source substrate distance played an important role in determining the

morphology of the as-grown flakes.16 The edge termination was not well studied. Raman
15APCVD, 105 °C for 4 h, 700 °C hold for 5 min, and 10 sccm N2 within 2 inch tube. rapid cooling from

570 °C
16There is a lattice mismatch between Al2O3 (4.785 Å) and WS2 (3.153 Å)
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spectra indicated a universal down-shift of peak (1L from 418 cm on SiO2-Si to 416.4

cm on sapphire). PL signal of WS2 on SiO2-Si was stronger than that on sapphire. The

visibility of WS2 on Al2O3 was poor. FET on/off ratio was about 100, indicating low carrier

mobility. The other conditions included 880 °C, 90 mm source-to-substrate distance, and 1

inch quartz tube. The growth conditions were probably adopted from Ref.[220].

It is worth noting the flake sizes on sapphire[219] seemed larger than that on SiO2/Si,[212]

either due to the nucleation barrier difference or the amount of growth vapor and growth time.

The flake sizes in Ref.[211] was not quite uniform, though it could be even larger than that on

sapphire from Ref.[219]. One common feature of aforementioned investigations was growth

occurred on bare substrates and no catalyst or seeding promoter was employed. While there

is another synthesis approach[217, 221] exclusively focused on using seeding promoter. Lee

et al. obtained MoS2 and WS2 FL on PTAS-treated substrates (C24H12K4O8), where tiny

( nm) seeds were found under AFM. More recently, Ling et al. systemically investigated

the role of seeding promoter in facilitating the nucleation of MoS2 monolayer.[221] It was

found various aromatic molecules were effective yet inorganic nanoparticles were not. The

mechanism of thin film growth depended on the surface energy, chemical potentials of the

deposited layers, and their substrates. Layer growth was preferred when surface adhesive

force was stronger than adatoms cohesive force. Seeding promoter probably lowered the

surface energy by wetting, thus provided heterogenous nucleation sites. Continuous MoS2

ML was obtained by evaporating F16CuPc of 2 Å on desired receiving substrates. In each

growth, about mol PTAS was applied onto SiO2-Si, which was rendered hydrophilic

and gentle gas blow to distribute the solution evenly.
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5.1.3 Raman on Tungsten Disulfide: Bulk, Few Layer, and Nanotube

This section will discuss previous studies using Raman to characterize MS2 films, nan-

otubes, and FL structures. In each morphology, one or two key points will be highlighted

for study in this thesis. The previous Raman efforts on MS2 film, especially the one us-

ing resonant conditions, provided critical insight into the electronic structure and lattice

dynamics of these TMDC layered materials. A comparison of Raman between TMDC

nanotubes and FL structures was given. For WS2 NTs, the focus was on the asymmetry of

mode and its origin. And for WS2 FL structures, layer number dependent fingerprint

was summarized, and some attempts on analysis the resonant Raman profiles of WS2 were

made. It is worth noting that Raman technique proves to be extreme useful in characterizing

CNT and graphene, i.e., tube diameter by assigning the RBMs (radial breathing modes)

and G peaks position.[230] And Raman spectroscopy also qualifies as an excellent tool to

monitor tensile features of TMDC in both 2D and tubular forms.[231]

Raman spectra arise from the inelastic light scattering of optical phonons. In back scatter-

ing geometry, the photon wave-vector stands as . The refractive index of WS2 at

532 nm is about ,[212, 232] corresponding to a wave-vector about

m . Compared to the size of Brillouin zone ( m ), off-resonant Raman could

only probe phonon at point, where the phonon momentum ( ) is close to zero.

Before discussing the Raman spectra features, this thesis briefly recapitulates some sym-

metry notations and vibration modes. MoS2 was used as an example, and those definitions

applied to WS2 as well. Hexagonal MoS2 belongs to space group , and the repeat unit in

axis contains two layers, where sulfur atoms in one layer are directly above the molybdenum
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atoms in adjacent layers, which is often referred as 2H-MoS2. Group theory predicts two

infrared- and four Raman-active modes for 2H-MoS2, which are mutually exclusive when

the center of inversion is present. First it should be emphasized that in few layer structures,

MoS2 with odd layers belongs to different space group from that of even layers. Bulk MoS

and 2L-MoS belong to the space group P6 / (point group D ). There are 18 normal vi-

bration modes. The factor group of bulk and 2L-MoS at is D . The atoms site groups are

a subgroup of the crystal factor group. The correlation of the Mo site group D , S site group

C , and factor group D allows one to derive the following irreducible representations for

the 18 normal vibration modes at : = ,

where and are translational acoustic modes, , and are Raman active,

and and are infrared (IR) active. As a contrast, 1L-MoS has symmetry with

three atoms per unit cell. The irreducible representation of gives: = + + + ,

with and acoustic modes, IR active, and Raman active, and the other

both Raman and IR active (See Fig. 53). NL-MoS has optical modes:

are vibrations along the axis, and are doubly degenerate in-plane vibrations. For

rigid-layer vibrations, there are layer layer breathing modes (LBMs) along the axis,

and doubly degenerate shear modes perpendicular to it. When N is even, there are

0 Raman active LBMs and doubly degenerate shear modes. When N is odd, there are

LBMs and doubly degenerate shear modes.[233, 234] This discussion can be

visualized in Table 22.

The type phonon branches correspond to in-plane normal modes; and the type phonons

result from out-of-plane vibrations. mode is an out-of-plane vibration involving only

the S atoms, while the mode involves in-plane displacement of transition metal and S
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Table 22: Lattices vibration of MS2, reproduced from Ref.[214]

Character Direction Atoms

Raman (out of plane) S
(in plane) M + S
(in plane) M + S
(in plane) S

Infrared (out of plane) M + S
(in plane) M + S

Acoustic (out of plane) M + S

Inactive (out of plane) M + S
(out of plane) M + S
(out of plane) S

(in plane) S

atoms. The mode is a shear mode corresponding to the vibration of two rigid layers

against each other and appears at very low frequencies ( cm [234]). The mode,

which is an in-plane vibration of only the S atoms, is forbidden in the backscattering Raman

configuration. In 2H-type TMDC, the mode is more sensitive to electrostatic doping;

whereas mode is more sensitive to strain, in which the FWHM of the peaks are indicator

of external force quantity.[216]

Lattice vibration of natural MoS2 crystal was studied by Wieting and Verble using infrared

and Raman spectroscopy.[233] It was found the IR mode and one Raman mode were

nearly degenerate in energy. Refractive indices from reflectivity measurement were = 3.9

and = 2.5. Stacy and Hodul studied MoS2 and WS2 Raman spectra using lasing energy

close to the absorption edges.[236] Second order scattering from phonon with nonzero

momentum was used to explain the rich Raman spectra. Sourisseau et al. investigated the res-

onant Raman profiles in 2H-WS2 using ten different excitation wavelengths.[237] Dramatic
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Figure 53: MS2 vibration symmetry in bulk and monolayer, reproduced from Ref.[235]

intensity variation at 352 cm was observed, which was assumed to be of two-phonon signal

nature and corresponded to an overtone or combination band of phonons with non-zero

momenta contributing to indirect gap absorption edge. Sourisseau et al. assigned this phonon

with non-zero momenta as type (longitudinal acoustic (LA)). The enhancement of

the total Raman cross section at excitonic resonance in which excitons served as the interme-

diate state was stronger compared to that of interband resonance. The strong enhancement

at excitonic resonance was attributed to the characteristics of excitons in layered materials

such as large binding energy, enhanced oscillator strength, and small damping constant.[216]

Chung et al. grew WS2 film using W(CO)6 and H2S precursor.[238] Raman spectra (

nm) on films with non-parallel orientation revealed the presence of shoulder mode under ,

which was assigned to LA and transverse acoustic (TA) phonon coupling. This coupling

process stemmed from disorder-activated zone boundary phonons. A further discussion on

this non-symmetric feature of mode will be continued in section 5.1.3.

Raman technique has provided much insight into the few layer MS2. MS2 layer numbers
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Table 23: WS2 Raman symmetry assignment

Raman Shift (cm )
Symmetry WS2 ML[211] WS2 NT [239] WS2 bulk [237]

27.5a 27.4
148.3

TBD 153
172 173

LA(M) 174.8 172
LA(K) 192.4 193

203
213.9 212
230.9 230 233
264.2 262 267
295.4 294 297
322.9 325
343.1

2LA(M) 350.8 350 352
355.4 350 356

381 381
LA + TA [237] or [240] 416

417.9 416b 421
3LA(K) 577

584 581 585
4LA(M) 704 703

a Calculated from column values; b Frey et al. probably made incorrect assignment of 416
peak.[239]
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were readily identified by the Raman shift distance between and mode for MoS2[241]

and WS2.[213] Yet due to the relative small shift of mode and little shift of mode in

WS2 FL, the frequencies distance might not qualify as an unambiguous way to distinguish

layer numbers. The resonant Raman profile on WS2 exhibited unique features between the

intensity of 2LA and mode,[213, 216] which provided another routine to assure the

monolayer presence. However, this thesis notices some discrepancy in de-convolution of

WS2 resonant profile between 300 and 400 cm , i.e., the presence of mode at about

344 cm .[211–213] Rigid assignments of this mode still requires further theoretical[171]

and experimental efforts. In addition, M and Late reported temperature dependent of 1L

WS2.[242] When the temperature increase from 77 K to 623 K, shift from 420 to 416.5

cm . Interestingly, 2LA/ ratio (514 nm excitation) seemed less than unit in this report.

The spectra were obtained from mechanically exfoliated WS2 lying on 300 nm SiO2-Si

substrate. Moreover, The and intensities ratio exhibited reverse behaviors under 532

and 632 nm excitation. This was caused by the different cross-section enhancement for a

specific excitation condition. The A and B excitonic absorption in WS2 mainly arose from

the and states to states of tungsten atoms. Thus, electrons excited by 633 nm

laser had a character of tungsten orbitals aligned along the axis perpendicular to WS2

basal plane. Since mode involves out of plane displacement along axis, phonons

could couple more strongly with states than that of phonons. As a result, mode

was stronger than mode at 633 nm resonance.[216] However, the reverse effect for 532

nm excitation could not be well explained using the above argument. This may be caused

by electron-phonon coupling with other inter-band transition electrons.

Dobardžić et al. calculated MoS2 single-walled nanotube (SWNT) phonon dispersion. The
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dependence of wavenumbers and their displacement on chirality and diameter were discussed.

The calculation method enabled studying lattice dynamics with NT diameter up to 50 nm.

The chiral vector is defined within the molybdenum plane. Symmetry assignment is

zigzag when , armchair when and chiral when . Dobardžić et al.

theoretically presented Raman scattering of any polarization on SWNT of WS2 and their

dependence on diameter (1-20 nm) and chiral angle. The author assigned 351 cm as for

WS2 NT.[244] Ghorbani-Asl et al. discussed the electronic and vibrational properties for large

diameter WS2 NTs.[235] Single-walled NT was approximated by 1H monolayer and others

by 2H bulk structure. It was found that large-diameter nanotubes can be approximated with

layered systems as their properties should be nearly the same at the scale. Only hypothetical

SWNTs and possibly MWNTs with alternating layer compositions, may show direct band

gaps. Slight mechanical deformation of the SWNTs would result in a change of the direct

band gap back to the indirect one, located between and high-symmetry points, similarly

to the monolayers. As for 2D materials, quantum confinement to single-walled tubes would

result in direct band-gap semiconductors with occurring at the point. Single-walled

tubes exhibited slightly softer out-of-plane and stronger in-plane modes. Those results

indicated that the weak interlayer interactions in MS materials cannot be associated with the

van der Waals interactions only, but most probably with Coulomb electrostatic interactions

as well.

Raman signatures of WS2 nanotubes show distinct features to the spectra of their bulk

counterpart. Frey et al. observed a new line at 152 cm in WS2 NT, which was absent

in 2H-WS2.[239] Another feature was an emerging shoulder on the low energy side of

mode at about 416 cm . This has been attributed to a combination mode of LA +
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TA phonons from the point of Brillouin zone.[237] The shoulder mode associated with

was attributed to LA + TA. As pressure increased from 0 GPa to 18 GPa, these two

bands, both shifting to higher wavenumbers, first separated and then recombined. It was

assumed the compression mainly occurs in axis, so the stiffening of was anticipated.

A more prominent feature was the resonance profile broadening the shape of mode,

which was often assigned to 2LA mode. Yet there is different opinion on these assignments.

Molina-Sánchez and Wirtz labeled the 350 cm band as E1u instead of 2LA.[214] And recent

theoretical investigations suggested 416 cm peak is inactive mode,[171, 214] which is

the Davydov doublet with mode. Staiger et al. adopted these assignments in studying

the resonance Raman profile of WS2 NTs.[240] It was found that a) mode arose from

curvature and structural disorder; b) intensity ratio strongly depended on excitation

and exceeded unity when excitation energy less than 1.9 eV; and c) An excitonic transition

energy of NT was found at a local minimum of about 50 nm (layer number probably >10)

and increased either way, yet all energies stayed below the bulk value.

Krause et al. also measured the resonant Raman on WS2 nanotubes and found a split

within 420 cm region, which was labeled as mode in analogy with the similar

defect mode of graphene.[245] This mode was found enhanced as diameter of WS2

NTs decreased. This thesis work will use mode to interpret this emerging line at

about 416 cm of WS2 NTs and adopt the 350 cm as 2LA(M). Krause et al. confirmed

mode arose from the inherent structure of WS2 nanomaterials instead of surface layer effect.

It is also worth noting that appeared stronger than 2LA under 632 nm yet weaker under

532 nm excitation, similar to previous discussion of FL scenarios.[246] Similar observation

of Raman spectra on the WS2-WO3 structures was found in this study, as discussed in
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Sec. 5.3.2. Rafailov et al. estimated the orientation dependence of resonant Raman on

one MWNT WS2 attached to the cantilever tip of AFM.[247] Antenna effect led to optical

transition occurring only for polarization parallel to nanotube axis; therefore, resonance

Raman intensity of SWNT varied as nanotube orientation. This dependence may provide

a routine to distinguish different chiral NTs. Polarized Raman spectra (632 nm excitation)

was obtained showing and sharing the same polarization behavior. Viršek et al.

investigated the Raman scattering ( nm) of WS2 NTs.[248] The silicon peak at 520

cm was used for calibration. Up-shift of and modes (i.e., 420 to 423 cm at

mode) were observed, which was attributed to the strain in 3R stacking layers.

5.2 Experimental

The WO3-WS2 core-shell nanowires were fabricated using a sulfurization process based

on the WO3 NWs prepared from the seeded growth method in Chapter 3, Sec. 3.3.2. For

the sake of completeness, schematic layout of the two-step growth is illustrated in Fig. 54,

including the seeded growth and subsequent sulfurization process. In a representative seeded

Figure 54: Schematic diagrams of (a) seeded growth of WO3 NW and (b) sulfurization process.

growth (Fig. 54a), 4N5 or 5N tungsten source powders as defined in Table 6 were positioned
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in the upstream end of a quartz boat, and downstream about 2.5 inch the substrate was

stationed. Additional tungsten seed powders (3N) were distributed evenly onto the substrate.

After pumping down, 1 sccm oxygen and 10 sccm Ar were admitted into the chamber,

respectively. The heating temperature was ramped up to 1000 °C in 30 min and lasted

for 240 min. Subsequently the apparatus was allowed to naturally cool down to room

temperature.

WO3-WS2 core-shell NWs were synthesized using direct sulfurization of WO3 NWs. As

depicted in Fig. 54b, the as-grown WO3 NWs were loaded into the center of heating furnace,

and mg sulfur (Alfa Aesar 10785, 99.5%) was positioned just outside the upstream

edge of furnace, where the maximum temperature was about 240 °C. After pumping down,

the reaction chamber was flushed two times to expel residual air. A cold trap filled with

liquid nitrogen in downstream was used to collect possible sulfur condensation. Then, the

furnace was heated to 750 °C in 30 min, held for 15 min, and allowed to naturally cool down

to room temperature. During entire growth process, 30 sccm Ar was used as carrier gas.

5.3 Results and Discussion

5.3.1 Ensemble Measurements on Core-Shell Nanowires Array

The morphology of WO3 NWs in micron scale almost stayed the same after sulfurization,

as shown in the inset SEM imaging of Fig. 55. The length of individual nanowire were up

to 15 m, and the diameter varied from about 40 to 200 nm. The surface of the NWs were

rather smooth without other attachments. The NWs array grew slightly larger than the W

seeds ( 12 m), mostly due to the elongation of NW. The EDX spectrum in Fig. 55 revealed

the presence of sulfur element, indicating the effectiveness of sulfurization. Compared to
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Figure 55: Morphology and composition analysis on the as-synthesized WO3-WS2 core-shell struc-
tures. (a) Low magnification and (b) high magnification SEM images showing the NWs morphologies
after sulfurization. (c) EDX spectroscopy revealing the presence of sulfur element after sulfurization.

the XRD pattern on seeded growth WO3 sample, post-sulfurization pattern (Fig. 56) show a

much reduced WO3 intensity with W phase becoming relatively prominent. The peaks at

23.44 and 24.36 were indexed to WO3 (020) and (200) reflection, respectively. This result

as well as the SEM imaging indicated WO3 NWs preserved some long range order after the

sulfurization process of 15 min at 750 °C. This observation can also be used to account for

the extreme small peak at 13.87 in the post-sulfurization spectrum. In comparison to the

reference 2H-WS2 (002) peak (14.37 , ICDD PDF 04-003-4478), the redshift of specimen

peak here indicated an increase of lattice spacing along axis (from 6.16 Å to 6.38 Å). The

FWHM of this (002) peak was about 1.1 , giving an estimation on the crystalline size of 7.5

nm according to Scherrer equation.

Owing to this small spacing, TEM was primarily utilized to observe the detailed morphol-

ogy of WO3-WS2 core-shell NWs. Fig. 57c and d show HRTEM imaging on typical tip and

body region of the core-shell NW, respectively. A comparison with the pre-sulfurization

specimen (Fig. 33 on page 58) readily revealed the formation of core-shell morphology
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Figure 56: X-ray diffraction spectra before and after sulfurization. The reference spectra for -W,
2H-WS2 and -WO3 are included with major peaks labeled.

after sulfurization. The measured wall spacing of 6.5 Å appeared slightly larger than bulk

2H-WS2 value of 6.16 Å, but matched well with the XRD result in Fig. 56. The sharp

contrast in core region also proved the lattice structure of WO3 was not seriously distorted

upon sulfurization.

After examining dozens of core-shell NWs, this study found the WS2 wall number at

NW tip was usually the largest, reaching more than ten, and the wall number decreased to

one along the NW body; but there also existed some wall number fluctuation and shape

modification. Fig. 58 show a smooth transition of WS2 wall number on the tip region of one

NW. The wall number was about 7 on the tip corner, gradually decreased from 4 to 3 along

the NW body, and stopped at 2 walls. Closer observation indicated the wall spacing was

not quite uniform in the tip area, probably due to the complex curvature and bending. WS2

fullerene also show similar structures. Since the closing of the tip region could be of great

complexity and the induced strain could modify Raman signal considerably, the TEM-Raman
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Figure 57: HRTEM imaging before and after sulfurization illustrating the presence of core-shell
structure. (a) Low magnification and (b) HRTEM images on WO3 NW specimen from seeded growth;
HRTEM images on the core-shell nanowire of (c) tip region and (d) body region showing wall number
variation. The contrast between (b) and (d) readily identify the formation of core-shell structure.

integrated measurement in this study focused on the body region of the core-shell NWs with

smooth transition wall number. As illustrated in Fig. 59, complicated WS2 encapsulation was

Figure 58: HRTEM imaging on the tip area of one core-shell nanowire.

observed on one tapered core-shell NW. This tapering probably arose from the sulfurization

process but could be also due to the parent WO3 NW. The diameter varied from about 200

nm to 15 nm, and the WS2 wall number also changed in a nonlinear manner. On some
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turning region, the WS2 seemed penetrating into the body of primary WO3 NW.

Figure 59: HRTEM imaging on one tapered core-shell nanowire showing fluctuation of wall numbers.

A systematic study on the sulfurization must be performed to understand the growth

dynamics. The growth mechanism of WS2 nanotubes from oxides has been thoroughly stud-

ied,[185] and it was generally agreed that the sulfurization of WO3 was a diffusion limited

reaction.[187] It was also suggested that the core WO3 NWs became non-stoichiometric

phases upon sulfurization.[187, 249] This study recognized this possibility but also consid-

ered two factors different from previous studies: one was the usage of sulfur as precursor

instead of H2 and/or H2S as in previous reports, which accelerated the reduction of WO3

significantly due to the formation of H2O; the other was the short reaction time and light

degree of sulfurization, which probably would not distort the WO3 lattice significantly, as

evidenced by the XRD and HRTEM analysis in this section. The sulfurization dynamic

was then proposed as following: The tips of the NWs exposed directly to the sulfur vapors

resulting in a high sulfurization rate. On the other hand, sulfurizaiton along the NWs is

limited by the diffusion of the sulfur vapors through the dense NWs array. Therefore, the

WS2 wall number is not uniform along the as-grown core-shell NWs.

No obviously consumed core region was observed among most of the core-shell NWs
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Figure 60: HRTEM imaging on one core-shell nanowire showing consumed core.

examined under TEM. An exception was shown in Fig. 60. Note the rectangular area show

abrupt termination of one WS2 wall, indicating a formation of dislocation.

5.3.2 An Integrated TEM-Raman Study on Individual Nanowire

To perform TEM-Raman integrated study, the core-shell specimen was first dispersed

into ethanol solution; and then the solution was dipped onto polydimethylsiloxane (PDMS)

support. A home-built micromanipulator with probe tip (tungsten, 100nm point radius,

Micromaipulator) was used to pick up the core-shell NWs and transfer them onto TEM grids

(Lacey C, 300 mesh, Cu, 01895-F Ted Pella, Inc) under 100X objective. The steps were

visualized in Fig. 61. The transferred NWs were first examined using TEM to identify the

WS2 wall configuration and the associated geometrical orientation. Then, the core-shell

NWs on TEM grids were probed under Raman in a location-resolved manner. Only those

core-shell NWs exhibiting relative smooth WS2 wall number17 transition were used in

subsequent Raman measurement. To perform TEM and Raman analysis on individual NWs,

this study placed one NW only in each cell of the TEM grid (65 65 m). And the low

magnification TEM images and optical images were compared to map the NW location and

orientation. The carbon film patterns served as a unique background to resolve possible
17wall number and layer number were used interchangeably in this work, but note that 1 wall is not equal to

1 layer due to the tubular structure
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Figure 61: Core-shell nanowires transfer steps. (a) tungsten tip under X100 objective, (b) NWs
dispersed onto PDMS, (c) one NW picked up using tungsten tip and (d) tranferred NW on TEM grid
with two tips indicated by the arrows.

ambiguity. An example was given in Fig. 62.

Fig. 63a-d depicted typical morphologies of the WO3-WS2 NWs in the TEM-Raman

integrated study. The diameter of these core-shell NWs was about 100 nm, and the length

about 10 m, allowing for up to five distinctive Raman scattering sites. Fig. 63e show

the associated Raman spectra acquired on the core-shell NWs using 532 nm excitation

wavelength. Two strong peaks were observed between 300 and 450 cm . The resonant

nature[236] of Raman shift was recognized by the broad band at about 350 cm . Recent

theoretical[214] and experimental[240] studies on 2D and tubular WS2 agreed that this band

consisted of first order mode and second order mode , although there was still

discrepancy on the exact symmetry assignment, i.e., the presence of mode.[212,

213]. The other peak at about 420 cm was assigned to mode in both bulk[250] and

few layer WS2. Tubular WS2 structure can be viewed as rolling up the planar WS2 sheet,

and new Raman features arose subsequently, e.g., a shoulder mode emerged on the low
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Figure 62: Core-shell nanowires mapping. Optical image of one NW on the lacey carbon TEM grid
under (a) x100 magnification and (c) digital zoom-in view with two end indicated by the arrows, TEM
images of (b) low magnification and (d) high magnification acquired on the same NW specimen.

frequency side of mode. Theoretical investigation suggested assigning this mode as ,

the Davydov doublet of mode.[171] And experimental study confirmed this mode

arose from structural disorder of WS2 layers, and the intensity ratio between and

strongly depended on excitation wavelength.[240] This study observed mode under 532

nm was much less prominent than that of 632 nm, in consistent with previous reports.[245,

246]

Rigid analysis of the Raman spectra must be performed to reach solid conclusion. Hence,

multi-peak Lorentzian fitting was employed on the spectra in Fig. 63e, and the result for one

wall WS2 core-shell NW was displayed in Fig. 64a. The de-convolution peaks compared

favorably with original Raman spectrum, and similar operation were used for other three

spectra. Fig. 64b show the wall number dependence on three group of intensity ratios
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Figure 63: TEM-Raman integrated characterization on core-shell NWs. (a)-(d) HRTEM images on
four NWs showing the WS2 wall number variation from one to about ten. (e) Raman spectra acquired
from the same core-shell NWs supported on TEM grids, indicating a sharp contrast between the
in-plane and out-of-plane vibrations. Note that the Raman spectra primarily arise from the outer WS2

shell, and only weak Raman shift at about 800 cm were observed at some bare core region (not
shown here).

extracted from apparent value, de-convoluted height, and integrated intensity, respectively.

Similar trend was found among all three set of data, though the integrated intensity appeared

more sensitive towards wall number variation. For a qualitative purpose, the apparent

intensity ratio between in-plane E band ( ) and out-of-plane A band ( )

was used as a quick criterion to distinguish WS2 few wall in this study. was then

extracted to correlate with wall number variation on tens of core-shell NWs. As shown in

Fig. 65, the mapping of WS2 wall dependent almost followed the same trend in Fig. 64b

with some variation attributed to the core-shell NW diameter difference. The intensity ratio

decreased monotonically with the increase of WS2 wall number, a similar trend as

observed on two-dimensional (2D) few layer WS2,[213] and the exact value of show

modest difference with 2D sheet, which could be attributed to the suspended configuration
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Figure 64: (a) Multi-peak Lorentzian fitting on core-shell NWs, and (b) wall number dependence on
averaged intensity ratio between the in-plane and out-of-plane Raman bands.
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Figure 65: Mapping on the WS2 wall dependent intensity ratio. The Raman spectra were acquired
on individual NW suspended on 300 mesh lacey C TEM grid.

of current core-shell NWs specimen and the presence of WO3 core. Furthermore, these

results indicated that for single-walled WS2 core-shell NW, and when the WS2 wall

number was about 3, . These two values served as a quick determination of WS2

wall number when the NW was suspended.

Before using this observation in more general scenarios, one should evaluate the influence

of WO3 and other dielectric substrates. It has been demonstrated that the optical interference

from dielectric environment significantly modified the intensity of Raman scattering from
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layered MoS2, regardless lattice vibration modes.[251] In this work, the author calculated

the reflectivity of three different stacking scenarios to estimate the influence of WO3 and

insulating substrate, as shown in Fig. 66. It was concluded that under 532 nm excitation, the

WO3 core show little influence on the Raman intensity when WS2 nanotube was suspended

in air; whereas the SiO2/Si substrates dramatically enhanced the Raman scattering of the

core-shell NWs. It was further predicted that current Raman spectra on the core-shell NWs

can be used to estimate WS2 nanotube wall numbers.
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Figure 66: Optical reflectance simulation on three WS2 wall stacking configurations.

PL was examined with core-shell NWs on insulating SiO2-Si substrates. A typical Raman

spectrum from 160 to 6000 cm was presented in Fig. 67. This pattern was acquired

on the middle spot of the core-shell NW shown as inset. Using 532 nm excitation, the

multi-phonon resonant feature was clearly resolved. A broad PL peak was also observed

with center at 628 nm and FWHM of 23 nm, corresponding to a photon energy of 1.974 eV

with width of 72 meV. Another feature was the presence of three peaks centering at 1860,

3695, and 5500 cm , respectively, where the latter two were probably the secondary and

third overtones of the first peak. It was confirmed that this three peaks belonged to Raman

shift instead of PL, since similar peaks were observed using different excitation wavelength

of 441 nm and 532 nm. The origin of this peak family was still under research, and one
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Figure 67: Raman spectrum acquired on the middle spot of core-shell NW (inset) using 532 nm. The
axis is in logarithmic scale.

possible candidate was the C O bonding, which presumably came from the carbon impurity

in tungsten powders as seeds. It was also possible that the C O bonding arose from the

hydrocarbon contamination attached onto the core-shell NWs. Interestingly, the intensity of

this three-peak family attenuated significantly when using 441 nm excitation, as shown in

Fig. 68. This comparison suggested there might be some enhancement mechanism from

WS2 resonant Raman vibrations.
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Figure 68: Raman spectrum acquired on the middle spot of core-shell NW shown in the inset of
Fig. 67.
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Three Raman sites were chosen to probe possible wall variation using both 532 and 441

nm excitation with the naming displayed in the inset of Fig. 67. The Raman patterns were

shown in Fig. 69a-b. The off-resonance profile in Fig. 69b show only two modes:

mode at about 357 cm and mode at cm . In contrast, the on-resonance

profile in Fig. 69a exhibited much richer spectra. The shoulder mode at tip2 spectrum was

a manifestation of mode from curved WS2 wall. According to previous analysis, the

apparent ratio between in-plane and out-of-plane vibration indicated site tip2 had multi-wall

WS2, and the other two possibly had few-wall WS2. This predication was confirmed by the
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Figure 69: Raman scattering from (a) 532 nm and (b) 441 nm excitation scanned along the core-shell
NW.

associated PL measurement displayed in Fig. 70. Strong luminescent peaks were found at

site mid and tip1, and an extremely weak peak were found from site tip2. The PL peaks

centered at 1.958 and 1.934 eV for mid and tip1, respectively. The second and third order

peaks also show up on all three Raman sites.

5.4 Summary

A comprehensive understanding of the structure-property relation, which is essential

to successful application of nanomaterials, is often hindered by the ensemble averaged
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Figure 70: PL spectrum acquired on the core-shell NW shown in the inset of Fig. 67.

characterizations in conventional methods. The present work in this chapter, to some extent,

circumvented this limitation by leveraging a home-built micromanipulator apparatus to

transfer the nanostructures between TEM grids and other desired substrates. Considerable

insight on the WO3-WS2 core-shell nanostructures was obtained: few-wall, even single-wall

tubular WS2 nanostructure were observed with WO3 cores; wall number dependent Raman

spectra were studied at on-resonance and off-resonance conditions; the fingerprint of few-wall

WS2 was revealed; and photoluminescence from core-shell NWs was identified. These

results held great values to the application of WO3-WS2 heterostrucutres in photocatalysis

and photoelectrochemical applications. More important, this technique of TEM-Raman

integrated study could be readily applied to a variety of other nanomaterials, therefore

opening a broad spectrum for the understanding of the structure-property relation, propelling

the potential nano-engineering applications.



CHAPTER 6: SUMMARY AND FUTURE WORK

In summary, synthesis of WO3 and MoO3 nanostructures based on CVD method were

thoroughly investigated in this study. Sodium impurity effect in tungsten powder source was

revealed, and the formation of Na5W14O44 nanowire was first reported. Partially enlightened

by this discovery, a new VSS growth mechanism of MoO3 was hypothesized, and the growth

dynamics was systematically probed. Comprehensive electron microscopy characterizations

were performed on both WO3 and MoO3. And the insight of growth kinetics can be used

to establish a systematic connection between the interaction of transition metal oxide and

alkali metal ions. As an example, preliminary results of WO3 NWs growth using NaOH

treated Si substrate and controlled MoO3 1D nanostructures growth on glass were presented

in Sec. 6.1 and Sec. 6.2, respectively. Seeded growth of WO3 was demonstrated to be an

effective and scalable approach for obtaining single crystalline 1D WO3 NWs. Based on these

WO3 nanowires, WO3-WS2 heterostructure was synthesized using a simple sulfurization

process, and single-walled WS2 tubular core-shell nanowire was observed. More important,

a TEM-Raman integrated approach was tested aiming at providing a location-resolved map

between crystal structure and optical properties. As a result, wall number dependence of

Raman spectra on WS2 tubular nanostructure was fingerprinted, and direct band gap PL from

WS2 tubular structure was observed. These results indicated a broad space for band structure

tuning of WO3-WS2. Moreover, the integration of TEM-Raman served as an excellent tool

to correlate the structure-property relationship for other 1D nanomaterials.



127

6.1 Preliminary Results on Catalytic Growth of Tungsten Oxide

The growth conditions almost remained the same as that of the non-seeded WO3 growth

except that the substrate were located at 7.5 inch (refer to page 34 for details). As shown in

Fig. 71, dense NWs were observed on NaOH treated substrate by SEM imaging, where the

length ranged from 3 to 10 m and diameter from 50 to 200 nm. Compared with the WO3

NWs in seeded growth, the deposition here also exhibited some plausible plate morphology.

Figure 71: SEM characterization of NaOH catalyzed WO3 growth. (a) Low-magnification SEM
graphs showing dense WO3 NWs, and (b) a high magnification view showing thin NW growth.
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Figure 72: Composition analysis on NaOH catalyzed WO3 growth NWs identifying small fraction
Na content.

EDX analysis on the NaOH WO3 sample was shown in Fig. 72. Tungsten, oxygen, and

sodium elements were detected on the plate growth region with Na/W atomic ratio close to
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0.05/1. Fig. 73a displayed the XRD pattern on one representative sample. The phase identi-
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Figure 73: Characterization of NaOH catalyzed WO3 NWs: XRD and Raman. (a) XRD pattern of
the as-prepared sample, and (b) Raman spectrum on NWs region.

fication turned out to be ambiguous. One candidate was orthorhombic WO3 phase (ICDD

PDF 00-020-1324, a=7.384 Å, b=7.512 Å, c=3.846 Å); another one was monoclinic W10O29

phase (ICDD PDF 04-007-0501, a=12.1 Å, b=3.78 Å, c=23.4 Å, =90.5 ). Micro-Raman

scattering spectroscopy was performed on the as-synthesized sample as well. As shown in

Fig. 73b, five distinct bands were well resolved with peaks located at 230, 380, 428, 650 and

816 cm , respectively. Another small hump was also observed at 946 cm . This Raman

spectrum deviated from typical features of WO3,[76, 84] but matched well with WO3 H2O

in one previous study;[77] (also see Table. 9 on page. 43) however, the XRD pattern did not

reveal tungsten oxide hydrates feature.18 Further analysis was therefore required to confirm

the exact phase of NaOH catalyzed WO3 NWs.[252]

TEM specimen was prepared by using carbon grid to slightly scratch the as-grown sample.

Fig. 74 show the feature of majority NWs. The growth direction was difficult to determined

due to the presence of streaking in SAED pattern (not shown here), which presumably
18ICDD PDF 04-011-1708, a=7.35 Å, b=12.5 Å, c=7.70 Å
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Figure 74: TEM Characterization of NaOH catalyzed WO3: (a) TEM image of one nanowire with
diameter ca. 20 nm, and (b) HRTEM images on the tip region showing absence of catalytic particle.

arose from stacking defaults during the NW growth. HRTEM revealed dominant plane

spacings of 3.90 and 3.80 Å, in favorable comparison to the XRD peak at and .

It was worth noting that catalyst particles were absent on the tip of NWs during the TEM

observation. Based on the above characterizations, this thesis concluded that the majority
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Figure 75: Phase diagram of Na2WO4-WO3 reproduced from Ref. [152]
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of NW belonged to tungsten oxide, although Na doping cannot be ruled out completely.

According to the Na2WO4-WO3 phase diagram in Fig. 75, the eutectic temperature is ca. 720

°C.[253] Further investigations are required to better understanding the growth mechanism.

The author suggested using other alkali metal compound as catalyst to probe the WO3

growth.

6.2 Preliminary Results on Molybdenum Oxide Growth Using Glass

The various growth morphologies found using alkali metal based materials as catalysts

demonstrated the proposed VSS mechanism and transverse mode was a general phenomenon,

and broad engineering space could be explored to control the dimension of MoO3. As an

example, this study further illustrated the tunable growth of MoO3 nanoribbons on glass

substrate. Achieving morphology controlled growth of MoO3 on transparent substrates,

e.g. glass, is an important progress towards process integration and device fabrication in

photon-energy related applications.

This thesis studied the effect of temperature, oxygen partial pressure, and growth time

towards MoO3 deposition on glass substrates. Each factor was divided into two levels

with at 700 and 800 °C, O2 flow at 1 and 10 sccm, and growth time of 15 and 60 min,

respectively. And the morphological variations revealed by SEM imaging were summarized

in Table 24. The 800-1-15 combination produced dense MoO3 nanoplate with length about

10 m, width nm and thickness less than 100 nm, as illustrated in Fig. 76. These

MoO3 nanoplates were of high crystalline quality and could potentially show enhanced

photoelectrochemical and electrochromic activities.

For future work, the author suggested several following perspectives:
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Table 24: MoO3 growth on glass

Growth Conditions
(°C) O2 (sccm) Time (min) Morphology

700 10 15 about 50 m belts, some towers
700 1 60 irregular shape, not too much growth
700 10 60 particle almost all on tip of belts, many towers
800 1 15 tens m belts with sharp edge (100 nm thick

and 1 micrometer wide) dominate
800 1 60 exhibiting ITO features, particles on tips of

belt, many tower like structures
800 10 15 rounded edge flakes dominate, modest density

tapering belt, and some possible tower
800 10 60 ITO/glass features, aggregated belts, some

towers

Figure 76: Optimized MoO3 nanoplates growth on glass.

1. further investigation of WO3 growth using alkali metal ions as catalysts;

2. probing the VSS growth method of MoO3 using HRTEM and analyzing the catalyst

state; and

3. applying TEM-Raman integrated study onto other nanostructures.
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