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ABSTRACT 

Two dimensional materials with various structure designs: 

synthesis, characterizations and applications 

by 

Shuai Jia 

Two-dimensional (2D) materials have attracted both academic and industrial 

interests and attentions in the past decade, because they exhibit novel electrical, 

mechanical, chemical, and thermal properties which are rare in their bulk 

counterparts. Since the discovery of graphene in 2004, various other 2D materials 

have been synthesized successfully in recent years, including h-BN, TMDs, MXene 

and many more in the rapidly growing 2D family. However, most of the reported 2D 

materials and devices are based on single-crystal flakes, or their stacked 

heterostructures. Structure difference in 2D materials will dramatically change 

properties of pristine materials and devices performance. Exploring various 

structures in 2D materials will not only deepens our understanding about the 

relationship of structure-properties when materials thickness is limited to a few 

nanometers, but also promotes and diversifies practical applications of 2D materials. 

In chapter 3, we develop a lateral monolayer MoSe2-WSe2 PN junctions by 

one-step direct CVD method. The PN junctions show excellent diode behavior. The 

rectification ratio could reach as high as 1000 without any gate tuning. Moreover, a 

record-high open-circuit voltage of 0.72 V is observed in 2D-materials based PN 



 
 

junctions, originating from the large built-in potential across the WSe2-MoSe2 

junction. Furthermore, the corresponding self-powered photodetectors exhibit fast 

response time, down to 6 ms, which is several magnitudes faster than 

photodetectors with single TMDs.  

In chapter 4, we develop an effective method to grow high quality, uniform, 

large-area and continuous h-BN films on industry stainless steel directly to protect 

stainless steel from oxidization and corrosion. The elastic modulus and hardness of 

h-BN coated stainless steel is several times higher than that of bare stainless steel. 

The sliding friction coefficient is only about 0.2, which is about one third of that of 

polished stainless steel. Bare stainless steel begins to be oxidized in the air when the 

temperature is higher than 600 ℃; while no obvious changes are observed for h-BN 

coated stainless steel even at the temperature of 800 ℃. h-BN also revealed 

excellent protection performance of stainless steel against corrosion. The corrosion 

current was less than one tenth of that of the bare stainless steel at both room 

temperature and high temperature and pressure conditions. 

In chapter 5, we report a new method to create multiple triangular 

nanopores easily on CVD-grown monolayer MoS2 by oxidization at high temperature 

and subsequent etching. The sizes of triangular nanopores are easily tunable with 

oxidization temperature and change from about 24 nm to 107 nm for oxidization 

from 300 to 450 ℃. Plenty of edge sites, which are the active sites toward HER, are 

exposed on porous MoS2. Basal plane activity of monolayer porous MoS2 are 

significantly improved compared with pristine MoS2.  



 
 

In chapter 6, we demonstrate monolayer Janus is an effective and universal 

SERS-active substrate for biomolecules sensing. Multiple characteristic Raman 

peaks of adsorbed biomolecules, e.g. glucose and dopamine, are clearly observed in 

their Raman spectra. The estimated Raman enhancement factor is higher than 105, 

which is several magnitudes higher than that of other 2D materials. The C-C 

stretching peak at 1360 cm-1 is used to indicate glucose concentration and its 

integrated-peak intensity increases linearly with glucose concentration in the range 

of 1- 10 mM. 

In summary, novel properties of 2D materials could be achieved by exploring 

various structures in 2D materials, releasing huge practical applications potentials 

at the same time. In this thesis, four structures of 2D materials, including monolayer 

lateral MoSe2-WSe2 PN junctions, continuous h-BN films on stainless steel, 

monolayer porous MoS2 and monolayer Janus as SERS-active substrate for 

biomolecules sensing, are synthesized and their properties are investigated 

accordingly. These provides us essential knowledge and opportunities for future 

applications based on 2D materials. 
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Chapter 1 

Background and Introduction 

Graphene, which is composed of single layer hexagonal carbon atoms and 

discovered in 2004, has become the superstar material in the past decades.1 It 

attracted a lot of attentions from both research community and industry, and 

opened the door to the fantasy word of two dimensional (2D) materials.2–6 These 

ultrathin materials, exhibit novel electrical, mechanical, and optical properties, 

which are rare in their counterpart bulk materials.1,5–10 These superior properties 

grant 2D materials huge potentials for next-generation electronic1,5,11 and 

optoelectronic devices4,9,12–15, non-invasive sensors16,17,high efficiency catalysts18–20, 

spintronics21 and so on3,22. Many 2D materials, have been synthesized successfully 

in the last decade, including graphene, hexagonal boron nitride (h-BN)23,24, 

transition metal dichalcogenides (TMDs)25–28, black phosphorus (BP)29, MXene30, etc. 

The 2D family is growing rapidly. 
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In this chapter, we will review the structure and properties of a few typical 

2D materials separately. Then three main preparation methods for 2D materials will 

be discussed. Finally, we will review the potential applications about 2D materials, 

focusing on four areas, including electronic devices, electrochemical applications, 

bio- or medical based devices, and environmental-friendly applications. 

1.1. 2D materials 

In this part, we will review the typical 2D materials that have been 

extensively studied recently, including graphene, h-BN, TMDs, siliene, black 

phosphorus, MXene. Some other 2D materials will be talked briefly. 

1.1.1. Graphene 

Graphene, firstly isolated by Andre K. Geim and Konstantin S. Novoselov in 

2004, is composed of single layer or few layers of hexagonal carbon atoms.1 These 

carbon atoms are covalently connected together in the shape of honeycomb to form 

an infinite plane of carbon atoms. As shown in Figure 1.1 (a), parts of carbon atoms 

in graphene could be rolled together to form fullerene and carbon nanotube.2 

Graphene is also the building block for graphite, in which many layers stack 

together by weak Van der Vaals interaction.  

Due to the hexagonal center symmetry, graphene is a zero-band gap 

semiconductor. It has a cone-like band structures, intersecting at the zero-energy 

point near the edges of Brillouin zone2,31, which is shown in Figure 1.1(b). The 
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electrons near the cone point are described as Dirac-like Hamiltonian, and act as 

massless Dirac fermion. This provides high mobility in graphene, which is as high as 

15000 cm2V-1S-1, and makes graphene an attractive material for next-generation 

high-speed electronic devices.1,5,31 

 

Figure 1.1 (a) Graphene is a 2D building material for carbon materials of all 

other dimensionalities.2 (b) Ambipolar electric field effect in single layer 

graphene.2 

1.1.2. h-BN 

Replacing carbon atoms in graphene by boron and nitrogen alternately, 

another interesting 2D material h-BN will be achieved (Figure 1.2). It has the same 

hexagonal structure with graphene. However, because of the atomic energy levels in 

boron and nitrogen, there is not any free electrons in the edges of its band 

structures.24,32 This is why h-BN is an insulator with a bandgap of ~ 5.9 eV.  
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h-BN, also called white graphene, has extremely high thermal and chemical 

stability. It is stable in air even the temperature is higher than 1100 ℃.  Besides, it 

could not react with these corrosive chemicals, such as strong acids and alkalis. The 

excellent inert makes h-BN a promising material for protective coatings. 

 

Figure 1.2 (a) The hexagon structure of monolayer h-BN with a highlighted 

unit cell. (b) The calculated band structure for monolayer h-BN.32 

1.1.3. TMDs 

Similar with graphene and h-BN, TMDs also have the same hexagonal 

symmetry. However, as shown in Figure 1.3, it has three atomic layers in which the 

transition metal layer is sandwiched by two layers of chalcogen atoms. The 

transition metals are arranged in the shape of triangle, and each metal atom is 
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covalently bonded with six chalcogenide atoms, forming a trigonal prismatic 

structure. Therefore, it is usually represented by MX2 (M = Mo, W, X = S, Se, Te).  

Many early works have demonstrated band structures of TMDs is dependent 

on thickness and usually go through an indirect to direct transition when the 

thickness goes down to monolayer.33,34 Importantly, most of the TMDs are 

semiconductor with bandgap bellow 2 eV. These bandgap values just lie in the range 

of visible light spectrum, which means TMDs are suitable for optoelectronics, e.g. 

photodetectors, photo-communications and light emitting devices.35–38 

 

Figure 1.3 (a) Three-dimensional structure representation of MoS2. (b) Top-

view and side-view of MoS2.39 

1.1.4. Other 2D materials 

Replacing carbon atoms in graphene by Si, Ge or Sn will achieve silicene40, 

germanene41, stanine42, which all follow the same hexagonal honeycomb structure 

of graphene. In contrast to the sp2 hybridization in graphene, silicene, germanene 
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and stanine prefer to form sp3 bonding, resulting in a bulking structure. Similar with 

graphene, both experimental and theoretical results have demonstrated that they 

follow massless Dirac Fermion behavior.41,42 

Black phosphorus (BP), a mono-elemental semiconductor material, has 

attracted significant attentions recently. Different with conventional hexagonal 

structure in 2D materials, it has an orthorhombic structure, which is the result of 

interlinked hexagonal rings of its lattice (Figure 1.4).29 Interestingly, BP is 

anisotropic, resulting in distinctly different electronic and optical properties along 

different crystalline directions.43,44 

Another member in 2D family is based on transition metal carbides, called 

MXenes. It is usually produced by etching away the middle layer of atoms in MAX 

phase, where M is transition metal, A is a group IV element, and X is carbon. MXenes 

are metallic conductor at most of cases, and have been effectively used as electrode 

materials for supercapacitors and batteries.30,45 
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Figure 1.4 (a) Schematic structure of black phosphorus. (b) Band structure of 

black phosphorus by ARPES measurement.29 

1.2. Preparation for 2D materials 

In this part, three main preparation method, including mechanical exfoliation 

(ME), liquid exfoliation (LE), and vapor-based deposition will be discussed. Some 

other methods, like metal organic chemical vapor deposition (MOCVD) and atomic 

layer deposition, will also be mentioned briefly. 

1.2.1. Mechanical exfoliation 

As early as in 2004, A.K. Geim and K.S. Novoselov used ME method to achieve 

graphene with thickness less below 10 nm.1 Due to its simplicity and low cost, it has 

been heavily utilized to exfoliate graphite1,5, MoS2,36,46 and BP29 etc. The detailed 

process is shown in Figure 1.5. Specifically, a scotch tape is firstly used to attach 

both sides of a bulk crystal, like graphite. The following peeling off will cleavage the 
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crystal with thinner thickness. Repeat this process many times to get very thin 

crystals on tape and attach it onto a clean substrate, like SiO2/Si, to transfer 

ultrathin crystals onto substrate.47  

ME usually produces samples with high crystal quality and is widely used as 

baseline method to prepare materials for fundamental properties characterization 

and nanodevices fabrication. However, its drawback is also obvious. Firstly, the 

obtained crystal size is small, which is usually less than 5 μm at most of times. This 

makes device nanofabrication is challenging. Secondly, its thickness is 

uncontrollable. This hinders its usage for large-scale production of 2D materials. 

Thirdly, the yielding is very low. We have to try many times to get one or two 

monolayer crystals. Finally, this exfoliation depends on interlayer interactions. It 

does not work well for some layered materials with strong interlayer interaction, 

such as tin selenide. 
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Figure 1.5 ME process of 2D materials. (a) Adhesive tape is pressed against a 

2D crystal. (b) Top few layers of 2D crystal is attached onto tape. (c) The tape 

with few layer 2D crystals is pressed against a clean substrate. (d) The bottom 

layers of 2D crystal is left on substrate upon peeling off.47 

1.2.2. Liquid exfoliation 

LE is widely used to produce graphene48,49, MoS250 and BP51 etc. There are 

two kinds of liquid exfoliation in general. The first one is to sonicate bulk materials 

directly in appropriate solvents, whose surface tension is similar with the surface 

energy of 2D materials.48,49 This will minimize the energy barrier for exfoliation and 

boost the separation of layers in bulk materials (Figure 1.6 c). N,N-

dimethylformamide (DMF) and N-Methyl-2-pyrrolidone (NMP) are the two most 

extensively used solvents. Another method involves ion or molecule intercalation or 
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exchange to weaken interlayer interactions. Specifically, ion or molecule diffuses 

into the Van der Waals gaps in bulk materials under electrical field or high 

temperature.52,53 These intercalated ions or molecules could increase interlayer 

distances significantly and weaken interlayer interactions. Sonication is also used to 

assist the exfoliation of intercalated materials, but it also has a chance to break 

down the lateral sizes of bulk crystals. Moreover, they also could react with solvent 

to generate gas in between the atomic layers for extensive layers separation. For 

example, FeCl3 is used to intercalate graphite at high temperature and then reacts 

with hydrogen peroxide to exfoliate graphite.52  

The biggest advantage of LE is the very high yielding, which could be higher 

than 90%. This makes it suitable for industry production of 2D materials. Many 

companies have produced 2D materials successfully in large-scale based on LE 

method. However, the chemical usage and sonication process inevitably introduce 

some defects or impurities for final products, deteriorating properties of 2D 

materials in some extents. The lateral size of final products is usually small because 

of the inevitable breaking-down process in LE.  
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Figure 1.6 Schematic representation of liquid exfoliation mechanism. (a) Ion 

intercalation. (b) Ion exchange. (c) Sonication-assisted exfoliation.54 

1.2.3. Vapor based deposition 

Vapor based deposition could produce high quality and large-area 2D 

materials at the same time, and is extensively investigated. We will discuss three 

main methods, chemical vapor deposition, physical vapor deposition, and 

sulfurization process in the following paragraphs. 

1.2.3.1. Chemical vapor deposition 

Chemical vapor deposition (CVD) is a traditional method to synthesis 

nanomaterials. Its principle is to use gaseous precursors directly or vaporize solid 

precursors, and to enable the nuclei and growth by adjusting environmental 
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pressure and temperature. It has been extensively employed to grow large-are and 

high quality 2D materials successfully, like graphene55, h-BN24 and TMDs26 etc.  

In 2009, Li et al, developed a method to grow monolayer graphene on copper 

for the first time.55 The polished copper foil could break-down carbon-hydrogen 

bond in methane (CH4) at high temperature to generate free carbon atoms. This 

process was called dehydrogenation. The free carbon atoms covalently bonded to 

each other to form a graphene layer on copper to minimize its atomic energy. This 

was a surface-limited process, resulting in a monolayer graphene on copper. 

Similarly, nickel is also a good substrate for graphene growth.56 However, its growth 

mechanism is different with that of copper. Free carbon atoms are achieved by the 

dehydrogenation process on nickel, and diffuse into nickel because of the high 

carbon solubility in nickel at high temperature. The nickel substrate is then cooled 

down and the carbon solubility also decreases with temperature. These excess 

carbon atoms will precipitate on the surface of nickel to form a thin layer of carbon 

atoms. It is easy to get few layers graphene because the precipitate rate is still very 

high at the most of cases. 

Different with the CVD growth of graphene, synthesis of TMDs does not need 

any metallic substrate for dehydrogenation. The vapor containing transition metal 

species diffuse on substrates (SiO2/Si26, quartz57, and sapphire58, etc.) and react with 

chalcogen vapor directly. Two kinds of precursors could be utilized here. The first is 

gaseous organic metal, such as molybdenum hexacarbonyl (Mo(CO)6)25. This 

process is called MOCVD. However, the high toxicity and high cost for precursor and 



 13 

equipment hinder its wide usage for the synthesis of 2D materials. The second is 

cheap transition metal oxides or chlorides in solid phase, which have to be 

vaporized first. Our group was the first to use this strategy to grow TMDs in 2013 

(Figure 1.7).26 Specially, precursor (MoO3) is placed at the heating center of a 

furnace and is evaporated in the form of MoO3-X. Clean substrate SiO2/Si is faced 

down toward precursors. The upstream sulfur or selenium is heated to its melting 

point and its vapor is introduced into furnace center to react with evaporated 

suboxide compounds for nucleation and growth. Following the same growth 

strategy, many other TMDs have been synthesized successfully since 2013, 

including MoSe259, MoTe227, WS260, WSe228, WTe261, NbSe262, etc. 

 

Figure 1.7 The morphology of CVD grown monolayer MoS2. (a-d) SEM process 

showing the growth process of MoS2 from small triangles to continuous films. 

(e-f) Optimal image of continuous MoS2 films with square shape. (g) Raman 

spectrum of red, black and blue point in (f). (h) Transferred large area 

continuous MoS2 films (1*1cm2) onto a clean substrate.26 
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CVD method usually provides crystals with large lateral sizes from 10μm to 

1cm, which are suitable for device fabrication and properties characterization. The 

quality of CVD crystals is also very high. The electron mobility in CVD-grown 

graphene could be as high as 10000 cm2V-1S-1, which is comparable with that of ME 

samples55. More devices applications based on CVD-grown samples will be 

discussed in the next section. 

1.2.3.2. Physical vapor deposition 

Most of the TMDs bulk materials have relatively low volatile points, and are 

suitable to grow monolayer TMDs by the evaporation of bulk materials and 

subsequent vapor transport and recrystallization. For instance, MoS2 powder at the 

heating center of a furnace is evaporated at ~900 ℃ under a low pressure.63 The 

clean substrate is placed at the downstream with much lower temperature. The 

inert carrier gas introduces evaporated MoS2 to the downstream substrate for 

nucleation and subsequent growth (Figure 1.8).  

However, this method does not work well for graphene and h-BN due to their 

ultra-high melting point of bulk materials. The nucleation of crystals looks like 

random on substrate and thicker flakes are also usually observed on the substrate. 
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Figure 1.8 Schematic illustration of tube furnace for MoS2 growth through PVD 

method and SEM images of these grown MoS2 flakes.63 

1.2.3.3. Sulfurization process 

The direct sulfurization of deposited pure metal provides a quick and simple 

approach to achieve atomic thin TMDs on arbitrary substrates. The reaction 

mechanism is understood as the simple reaction of sulfur or selenium with 

deposited metal at high temperature. Therefore, the shape, size and thickness of 

deposited metal determines the shape, size and thickness of synthesized TMDs 

(Figure 1.9).64,65  
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However, this method only works for TMDs. The obtained TMDs sizes, shape 

and orientation could not be controlled well because this process does not involve 

any nucleation and growth. The unreactive metal is mixed with obtained TMDs, 

deteriorating the semiconductive transport properties and devices performances. 

An alternative effort has been devoted to produce wafer-scale TMDs layers, 

in which the deposited pure metal is replaced by a thin layer of transition metal 

oxide, such as MoO3. Thermal evaporation is adopted to prepare a thin layer of MoO3 

with desired thickness. Thin films of TMDs obtained by this method show 

semiconductor behavior with high on/off ratios for transistors.64 

 

Figure 1.9 Schematic illustration of the growth process of ALD-based WS2 

nanosheets.64 
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1.3. Applications of 2D materials 

Due to the unique atomically thin structure and novel electrical, optical and 

mechanical properties, 2D materials are attractive in many fields. In this part, we 

will briefly talk about potential applications of 2D materials from the fields of 

electronics devices, electrochemical reaction, biologic devices and environmental-

friendly components.  

1.3.1. Devices applications 

1.3.1.1. Field effect transistors 

The atomic thin structure is completely compatible with the fabrication 

process for modern semiconductor devices, leading simple devices fabrication and 

extensive study of transport properties. The proper intrinsic bandgap of 1-2eV in 

monolayer TMDs also overcome the key shortcoming of graphene for electronics 

devices—the lack of bandgap and small on/off ratio. Therefore, as the most 

representative application for TMDs, field effect transistor (FET) is widely 

investigated. As early as in 2011, A.Kis et al, fabricated the first FET with exfoliated 

single layer MoS2 whose mobility was higher than 200 cm2V-1s-1 and on/off ratio 

was as high as 8 orders of magnitudes (Figure 1.10).46 The single layer represents 

the ultimate materials thickness limit and is an attractive way to fabricate next-

generation FETs with a few nanometer gate width for further pushing Moore’s law. 

It is also necessary to optimize multiple materials, such as gate oxide and ohmic 

contacts and fabrication processes for higher performance transistors. 
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Figure 1.10 (a) Schematic MoS2 FET device. (b) Room temperature transfer 

characteristic for MoS2 FET with 10mV applied Vds.46 (c) Graphene field effect 

tunning transistor. (d) The corresponding band structure of graphene tunning 

transistors with no gate applied. (e) The band structure with finite gate and 

zero bias. (f) The band structure with finite gate and bias.66 

The absence of bandgap in graphene is an obstacle to fabricate transistors 

with low power dissipation in the OFF state. In 2012, Ponomarenko et al, 

demonstrated a prototype field effect tunneling transistor based on graphene 

heterostructure, in which graphene and h-BN or MoS2 were stacked alternatively.66 

Its band structures alignment is shown in Figure 1.9. The middle thin layer of h-BN 

and MoS2 act as a vertical transport barrier. The on/off ratio of the tunneling 
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transistor is significantly higher than that of planar graphene FETs. Furthermore, 

the tunneling time of electron transporting through barrier is in the scale of a few 

femtoseconds, which is much faster than that in planner graphene FETs. This unique 

tunneling prototype in 2D materials provides a viable approach to future high-speed 

electronics. 

1.3.1.2. Radio frequency transistor 

The extreme high carrier mobility and large critical current density makes 

graphene is suitable for high speed radio frequency transistors. Duan et al, 

developed a new approach to transfer stacked gate on top of graphene precisely to 

minimize contact resistance and parasitic capacitance.67 As shown in Figure 1.11, 

their graphene transistors showed unprecedented performance with a record-high 

cut off frequency up to 427 GHz, which was promising for ultrahigh speed terahertz 

electronics.  
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Figure 1.11 Radio-frequency performance of graphene-based transistors with 

a channel length (A) 220nm, (B) 100nm, (C) 46nm. (D) Cut-off frequency as a 

function of gate length.67 

1.3.1.3. Optoelectronic devices 

Most of TMDs become direct bandgap semiconductor when their thickness 

goes down to single layer.68,69 Due to the direct bandgap nature, electron-hole pairs 

are easily generated in monolayer TMDs under light excitation, which makes 
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monolayer TMDs are suitable for applications in optoelectronic devices.35,37,38,70 For 

instance, Andras Kis et al,s demonstrated photodetectors with monolayer MoS2 had 

a significant improved device mobility and ON current in 2013.35 A maximum 

external photoresponsivity of 800 AW-1 at a wavelength of 561 nm was achieved for 

the first time. 

The advent of graphene and other 2D materials lead to another artificial 

materials, namely, heterostructures based on these atomic thin planes. Following 

this paradigm, by stacking various 2D materials with pre-defined sequences, 

heterostructures exhibit novel properties which are entirely different with isolated 

materials.70–76 For example, F.Withers et al, fabricated quantum well by stacking 

various atomically thin 2D materials, and fabricated light emitting diodes (LEDs) 

with these stacked heterostructures.70 They stacked metallic graphene, insulating h-

BN and various semiconducting TMDs into complex but with carefully designed 

sequences (Figure 1.12). The external quantum efficiency of ~10% was achieved in 

their devices and its emission was easily tuned over a wide range of frequencies 

with different TMDs stacking.  
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Figure 1.12 Heterostructure devices with quantum wells. (a-b) Schematics of 

heterostructures with single quantum well. (c-d) Schematics of 

heterostructures with double quantum wells. (e-f) Optimal image of the 

heterostructures device and light emission. (g) Schematics of single quantum 

well stacking. (h-i) Band structure with zero bias, intermediate bias and high 

bias.70 
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1.3.2. Electrochemical applications 

Aside from transistor-based devices application, electrochemical property of 

2D materials is also extensively studied. In this section, we will review 

electrochemical applications of 2D materials, especially for electrocatalyst or 

photocatalyst, lithium ion batteries and supercapacitors. 

1.3.2.1. Electrocatalyst 

MoS2 is considered as an effective and low-cost electrocatalyst for decades. 

As early as in 2007, Ib Chorkendorff used in-situ scanning tunneling microscopy 

(STM) to quantify the catalytically active sites in MoS2 flakes.77 Edge sites of MoS2 

flakes, particular Mo-terminated edges, were identified as the active sites for 

hydrogen evolution reaction (HER). Due to the inner catalytic activity of basal plane 

of MoS2, its total catalytic performance is worse than precious metals, such as 

Platinum. The research interest and attention has been directed to the activation of 

basal plane of MoS2 to further improve its catalytic performance.  Several methods 

including but not limited to strain engineering78,79, surface modification80, phase 

transformation53, have been developed to activate the basal plane activity of MoS2. 

For instance, Xiaolin Zheng introduced both S-vacancy and strain into monolayer 

MoS2 to activate the basal plane and optimize catalytic behavior of MoS2 toward 

HER (Figure 1.13).79 They found hydrogen absorption free energy(ΔGH) went down 

to zero with proper combinations of S-vacancy concentration and strains, achieving 

highest intrinsic HER activity with MoS2. Another interesting approach for activation 

of basal plane of MoS2 is to transit the 2H phase to 1T or 1T’ phase.53 Different with 
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semiconducting 2H configuration, 1T phase of MoS2 has distorted structure and is 

metallic conducting. Chhowalla et al, used lithium to exfoliate MoS2 to achieve high 

concentration 1T phase MoS2, which exhibited excellent catalytic activity toward 

HER with a notably low Tafel slope of 40 mV/dec.53  

 

Figure 1.13 Theoretical calculation for the effects of S-vacancy and strains in 

MoS2 for HER activity. (a) Top-view and side-view of strained MoS2 with S-

vacancy. (b) Free energy versus of reaction coordinate of HER. (c) ΔGH for 

various strain and S-vacancy. (d) Contour plot of surface energy as a function 

of S-vacancy and strain.79 

1.3.2.2. Lithium ion batteries 

As a layered material, MoS2 have been systematically studied for absorption 

and diffusion of lithium for rechargeable batteries. Because of the semiconducting 
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MoS2, many efforts have been devoted to the fabrication of MoS2-carbon composite, 

where carbon is used to further improve electricity conductivity and mechanical 

strength. An alternative layer-by-layer hybrid structure of MoS2 and mesoporous 

carbon was synthesized by Fang et al.81 Due to the higher binding energy of lithium 

in between MoS2 and carbon layer, lithium preferred to intercalate into this novel 

layer-by-layer structure, to achieve excellent battery performance.  

1.3.2.3. Supercapacitors 

Supercapacitors, which utilizes surface redox (pseudo-capacitor) or double 

layer capacitor to store energy, can provide in principle ultrafast charging and high 

power density that exceeds batteries. MXene, which is prepared by etching middle 

layer in MAX phase by hydrofluoric acid or lithium fluoride, has been demonstrated 

to exhibit high-rate and high-volumetric capacitance for supercapacitors because of 

its high intrinsic electronic and ionic conductivity.30,45 For example, a macroporous 

Ti3C2Tx MXene film-based supercapacitor provided capacitance up to 210 Fg-1 at 

scan rates of 10 VS-1, which exceeded the best-known carbon-based supercapacitor, 

and its hydrogel was capable to deliver volumetric capacitance up to 1500 Fcm-3, 

which was comparable with that of RuO2.45 

1.3.3. Biological applications 

Due to the atomic thin structure, 2D materials are able to sense or detect 

trace amounts of molecules or even single molecule, and compatible with human 

body or blood, providing potentials for next generation wearable and label-free 
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sensors. In this section, we will review the biological applications of 2D materials, 

focusing on biosensors for small molecules, and DNA translation.  

1.3.3.1. Biosensors 

Biosensors based on FETs is capable to provide rapid, low-cost, label-free 

and large responses for probe molecules. What is more, 2D materials are compatible 

with traditional nanofabrication techniques for semiconductor devices. Also, it is 

easy to integrate various functional parts together, such as sensors, transmitter, 

amplifier, for remote controlling and continuous health monitoring. As shown in 

Figure 1.14, a MoS2 based FET was demonstrated successfully to sense PH, with 

ultrahigh sensitivity of 713 for a unit PH change and wide operation range from 3 to 

9. It also exhibited high sensitivity of 196 for protein at a low concentration of 100 

fM.82 
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Figure 1.14 (a) Schematic illustration of MoS2-based biosensors. (b-d) Optimal 

images for exfoliated MoS2, FET devices, and biosensor integrated with 

microfluidic channel for electrolyte.82 

1.3.3.2. DNA translation 

As one of the most disruptive innovations of this decade, fast and reliable 

DNA sequencing is a key to personalized medicine. A variety of nanotechnology for 

DNS sequencing have been developed, and the most interesting approach is to 

translate DNA by ionic current when DNA pass through nanopores in 2D materials. 

In principle, an impermeable 2D membrane with a nanometer pore is sandwiched 

by top and bottom electrolytic solution. Ionic current is recorded when ion go 
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through the nanopore under electric field. Similarly, DNA is negatively charged and 

is capable to go through the nanopore under electric field. But the ionic current is 

reduced since DNA strand could block the nanopore and less ions could go through 

the pore. The magnitude and duration of ionic current decrease contain the 

information about nucleotide and its ordering.83 In 2010, several independent 

groups reported the DNA translation with graphene nanopores for the first time.84,85 

As shown in Figure 1.15, the ionic current change with graphene nanopore was 

several times higher than that with traditional silicon nitride nanopore.83  

 

Figure 1.15 DNA translation with ionic current measurement through 

graphene nanopore. (a) Schematic illustration of graphene nanopore device. 

(b) TEM image of graphene nanopore. (c) DNA current blockades as function 

of nanopore sizes. Current blockade for graphene nanopore is much larger 

than SiNx. (d) Single stranded and double stranded DNA translation through 

graphene nanopore.83 
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1.3.4. Environmental-friendly applications 

Aside from electronic devices, electrochemical and biological applications, 2D 

materials also have potentials on various environmental-friendly applications, 

including seawater desalination, protective coating and composite. In this section, I 

will review them one by one. 

1.3.4.1. Desalination membrane 

Ion-exchange resin, which is used widely in today’s seawater desalination 

industry, is a polymer-based membrane and an insulator. High pressure is needed 

for large water flux and ion filtration. Unlike the polymer-based membrane, MoS2 is 

a semiconductive membrane and is capable to block ions by intrinsic negative 

electric potential under electric field.86,87 This is a totally new membrane technique 

for ion filtration and desalination, which does not need high pressure system. In 

2016, Aleksandra Radenovic et al, firstly demonstrated the use of monolayer MoS2 

with nanopores to block negative ions and generate osmatic power.87 As shown in 

Figure 1.16, a monolayer MoS2 with a 5nm nanopore was sandwiched by salt 

solutions with different concentrations. The MoS2 nanopore was negatively charged 

and blocked negatively charged ion flux, resulting in a net diffusion current with 

mostly positively charged ions, and nano-power generation. 



 30 

 

Figure 1.16 (a) Schematic illustration of experimental setup. (b) Top panel, 

molecular dynamic simulations for osmotic process through MoS2 nanopore. 

Bottom panel, Molecular dynamic simulations of potassium ion and chloride 

ion concentrations as a function of distance to nanopore. (c) TEM image of 

MoS2 nanopore.87 

1.3.4.2. Protective coating 

h-BN (also called white graphite), which has unique Van der Waals layered 

structure and very small frication coefficient, is a natural lubricant. These properties 

make it a promising material for lubricative coating to reduce the frication, abrasion 

and erosion in industry. Furthermore, it exhibits excellent chemical inertness and 
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thermal stability, large bandgap and excellent insulating property, which not only 

extend the stability and lifetime of lubricative coating, also enable potential 

applications as light-weight and ultra-thin anti-corrosion/oxidation coatings.88 It is 

stable at very high temperatures up to 1100 ℃ in air, and up to 2800 ℃ in vacuum. 

Zheng Liu et al, demonstrated that ultrathin h-BN films grown on nickel was 

impervious to oxygen even at high temperature and could protect underneath metal 

from oxidation up to 1100 ℃ (Figure 1.17).88 

 

Figure 1.17 Weight gain and chemical stoichiometry analysis of Ni oxidization. 

(a) Weight gain for pure Ni, 2nm h-BN coated Ni and 5nm h-BN coated Ni 

heated in air for 5mins, as a function of oxidization temperature. (b) Weight 

gain for pure Ni, 2nm h-BN coated Ni and 5nm h-BN coated Ni as a function of 
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oxidization time at 1100C. (c-d) Contours of depth profile for pure Ni and h-BN 

coated Ni as a function of oxidation time.88 

1.3.4.3. Composites 

Composites have been considered as an exciting application for decades to 

harvest these excellent properties of nanomaterials, especially for carbon nanotubes 

and graphene.3,22,89 Combination, preparation and structures of matrix materials 

and additives, determines final properties of composites and its applications. 

Rodney S. Ruoff et al, developed a general approach for production of graphene-

based polymer composite through molecule-level dispersion of chemically modified 

graphene sheets in polymer matrices. The percolation threshold for polystyrene-

graphene composite was as low as 0.1 volume per cent and its conductivity reached 

0.1 Scm-1 even at only 1 volume per cent.3 
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Chapter 2 

Motivation 

Although many 2D materials have been discovered and synthesized, and 

many application including transistors46, heterostructure-based diodes70,74, and 

catalysts53,79 have been demonstrated in the past decade, it is still a long way to go 

for wide and practical applications. Many efforts on fine control of materials 

composition, structures and device fabrication are highly desired to fabricate 

products that are much more superior than current products. In addition, more 

structures about 2D materials are needed to be explored for emerging applications, 

such as nano-power generator and multifunctional coating that can work at high 

temperature and pressure conditions.  

In this chapter, we will review the motivation for this dissertation briefly: the 

structure designs in 2D materials and exploration of the structure-based 

applications. Specific motivation will be discussed in the following chapters. 
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2.1.  Materials pyramid 

As a materials science and engineer researcher, we are all very familiar with 

the classical materials pyramid, as shown in Figure 2.1. Various composition, 

structures and processing methods determine distinctly different materials’ 

properties and final devices performances. In other words, two materials are not 

equivalent to each other if one of the compositions, structures and processing 

methods are different. 

 

Figure 2.1 Materials pyramid. Structure, processing, composition and 

performance are at the four vertexes of pyramid. 

Even material composition is kept exactly same, various nano or micro 

structures usually determines different properties. Let’s take carbon as an example. 

Carbon is capable of forming many allotropes because of its vacancy. Graphite and 

diamond are the two well-known forms of carbon that exist in nature. In the past 
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several decades, many other allotropes of carbon have been discovered and studied 

intensively, such as carbon nanotubes, graphene, fullerene, and amorphous 

carbon.2,90 However, they all exhibit distinctly different properties. For example, 

diamond is an ultra-stable insulator and the hardest material in the world but 

graphite is a very soft materials, and acts as lubricant and good conductive additive. 

Due to its high specific area, amorphous carbon is able to absorb a large amount of 

toxic gas or other contaminations, functioning on masks and water filtration. Carbon 

nanotubes is either metallic conductor or semiconductor which depends on its 

specific chirality, while graphene is a zero-bandgap semiconductor and suitable for 

ultrathin and ultrafast electronics. These are all structure induced properties 

difference.  

About twenty years ago, people did not believe that monolayer materials 

were stable at room temperature. The last fifteen years have demonstrated the good 

stability of 2D materials which is beneficial from nanoscale thermal fluctuation.91,92  

The good stability of 2D materials inspire people to discovery and investigate other 

2D materials, such as h-BN, TMDs, MXenes. However, most of the materials study is 

limited to several structures, such as single flakes with regular shapes or stacked 

heterostructures. As a hot but young material, more structures of 2D materials are 

highly needed for both fundamental study and diverse industry applications.  
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Figure 2.2 Carbon allotropes. It includes graphite, amorphous carbon, 

diamond, fullerene, carbon nanotubes and graphene.90 

2.2. Common structures of 2D materials  

In this section, we will talk about a few common structures of 2D materials 

that are widely investigated recently, and their structure-induced novel properties. 

We will focus on three structures: single flakes with regular shapes, doping or 

alloying and stacked heterostructures. 

2.2.1. Single flakes with regular shapes 

To characterize fundamental transport properties of 2D materials, such as 

charge carrier mobility and bandgap structure, as well as to rule out the scattering 

effect of grain boundary and establish baseline for 2D materials, many researchers 

are quite interested into single crystalline 2D materials.93,94 Even ME often provides 
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single crystalline flakes, the small size and irregular edge types limit its wide 

application. CVD is another main method to provide both high quality, large-area 

and single-crystalline flakes. Similar with bulk materials, CVD-grown 2D materials 

usually have regular shapes which depends on its structure space group. For 

instance, graphene belongs to P6mm group and often exhibits hexagonal or triangle 

shape93, while tin selenide is in Pnma group with square shapes.95 In other words, 

CVD-grown single flake with regular shape usually means it is a single crystal. 

Additional TEM and diffraction pattern is helpful to further identify its structure.  

As shown in Figure 2.3, hexagonal graphene was successfully grown on pure 

platinum substrate via typical CVD method. By carefully control of nucleation sites 

and extending growth time, its diameter could reach up to ~1cm. Diffraction with 

various locations on the single flake showed exactly same pattern, illustrating it was 

a single crystal. Its FET electron mobility could reach as high as ~13000 cm2V-1S-1, 

which was comparable with ME samples and also provided insight for its high 

quality of crystalline lattices.93  
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Figure 2.3 SEM image (a) and TEM image (b) of large-area hexagonal 

graphene.93 

2.2.2. Doping and alloying 

Replacing element in host with a different group element who has a different 

vacancy, will introduce free electrons or holes into host and changes its electronic 

properties dramatically. This is the doping mechanism for traditional silicon-based 

devices and circuits. Followed by the same principle, introduce B or N for graphene 

or C for h-BN, could in principally form a ternary monolayer material whose 

composition (C, B, N) could be tuned continuously. Of course, its properties, 

especially for free carrier concentration, mobility, and bandgap, are changed 

accordingly. For example, a little amount of B or N in graphene could open its 

bandgap, resulting in a semiconducting graphene. Lu et al, demonstrated that with 

increasing N concentration, graphene exhibited a transition from p-type to n-type 

behavior and enhanced electron-hole transport asymmetry.96 
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Different with doping mechanism by another group element, replacing host 

element with same group result in alloy. Due to the same vacancy of two elements in 

the same group, it is easy to form an infinite solid solution, which means its alloying 

concentration and properties could be tuned continuously.97,98 For example, Duan et 

al, showed the optical and electronic properties could be tuned continuously by 

creating a mixed alloy of intrinsically p-type WSe2 and intrinsically n-type WS2 with 

variable alloy compositions.97 As shown in Figure 2.4, the FET-based transfer curves 

exhibited a charge carrier transition from p-type to n-type and threshold voltage 

changed accordingly. 

 

Figure 2.4 (a) PL spectrum and FET transfer curves (b) of WSxSe2-x with 

various alloy composition.97 

2.2.3. Stacked heterostructures 

Beyond single 2D material, isolated atomic plane can also be reassembled 

together through layer-by-layer method with carefully designed sequences to form 

heterostructures. The basic stacking principle is very simple: take one atomic plane 
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and put it on top via transfer methods, then add another 2D crystal and so on. This is 

similar with building assembly with Lego blocks. These stacked atomic planes, often 

referred as Van der Waals heterostructures, represent an artificial material which is 

stacked in chosen sequences with atomic plane precision (Figure 2.5).99 The good 

in-plane stability of 2D materials comes from strong covalent bonds, while out-of-

plane stability is supported by interlayer Van der Waals forces. These 

heterostructures are extensively investigated recently because they not only enrich 

our materials library, but also exhibit novel properties which is not presented in its 

composition layers. In the Van der Waals heterostructure of monolayer graphene 

and h-BN, the surface plasmon polariton in graphene was hybridized with 

hyperbolic phonon polariton in h-BN, forming hyperbolic plasmon-phonon 

polaritons, which could be effectively tuned by direct nano-infrared imaging. 

Therefore, graphene/h-BN is an electromagnetic metamaterial for phonon 

polaritons tuning.100 
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Figure 2.5 Building Van der Waals heterostructures. If one considers 2D 

crystals to be analogus to Lego blocks, the construction of a huge variety of 

layered structures becomes possible.99 

2.3. Synthesized structures in this thesis 

Similar with carbon allotropes with different properties, various structures 

of other 2D materials are highly desired for diverse applications. In the past several 

years, four structures, including monolayer MoSe2-WSe2 lateral P-N heterojunction, 

continuous h-BN films on stainless steel, monolayer porous MoS2 and monolayer 

Janus MoSSe for biomolecules sensing with SERS technique, are successfully 

synthesized and their properties are investigated accordingly. Details about the 

synthesis and properties will be discussed in the following chapters. 
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Chapter 3 

    Lateral Monolayer MoSe2-WSe2 P-N  

        Heterojunction with Giant Built-in

 Potential 

3.1. Main points summary 

Due to excellent electronic properties and atomic thin structure, TMDs have 

exhibited strong application potentials in emerging flexible electronic devices which 

is out of the field of tradition silicon technology. 2D P-N junctions by connecting P-

type and N-type TMDs together seamlessly, exhibit same functionality with three-

dimensional P-N junctions, and are fundamental building blocks for 2D electronic 

and optoelectronic devices, such as current rectifiers, light-emitting diodes, diode 

laser and photovoltaic devices. In this chapter, we report the growth and electronic 

behavior study of monolayer in-plane MoSe2-WSe2 heterojunctions. The built-in 

potential in these heterojunctions could reach as high as ~0.72eV, which is similar 
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with that in silicon P-N junctions. It also has a strong current rectification effect with 

a ratio of ~1000 without any gate control. The photodetector with this 

heterojunction has a fast response time (~6ms), which is about 1000 times faster 

than single TMDs. These finding open the ways to use monolayer TMDs P-N 

heterojunctions for future devices. 

3.2. Introduction 

P-N junctions are the fundamental building blocks for modern electronic-

based devices, such as current rectifier, amplifier, transistors, photodetectors, LEDs, 

and lasers, because they provide the basic non-linear current control.101,102 Injecting 

boron and phosphorus into adjacent regions of intrinsic silicon is the easiest way to 

fabricate P-N junction for silicon-based fabrication techniques. However, the 

semiconductor industry has been exerting new demands on P-N junctions for not 

only further device scaling but also diverse device functionalities. For instance, 

flexible and wearable electronic devices, such as electronic skins and sensors, are 

receiving increasing attentions recently for continuous health monitoring and 

remote diagnosis.103–105 However, the bulky and rigid nature of tradition 

semiconductor, like Si and Ge, limits its application on flexible and portable devices. 

2D TMDs (MX2, M = Mo or W, X = S or Se), in which the middle transition 

metal is sandwiched by top and bottom chalcogens, attracted plenty of attentions 

recently. They have strong potentials for portable and flexible electronic devices, 

because of their direct bandgap, high carrier mobility, and strong 
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photoluminescence.25,26,106,107 Furthermore, the tunable bandgap, controllable 

charge carrier type (electrons and holes) and atomically sharp interface make TMDs 

promising materials for heterojunctions, in which many new exciting physics and 

applications have been realized recently.38,108,117–119,109–116 With all of these exciting 

features, 2D P-N junctions with TMDs promise not only great device performance 

but also diverse applicability. Same with traditional silicon P-N junctions, the fermi 

level pining in 2D P-N junctions also induce a built-in potential in the junction area. 

More importantly, combining the monolayer structure and atomic shallow junction 

width, it is possible to build smallest P-N junctions in the world. In addition, 2D P-N 

junctions have excellent flexibility, which makes it promising for flexible electronic 

devices.  

A few methods including manual stacking, spatially electrostatic doping, 

chemical molecules doping and direct growth, have been developed to build 2D 

TMDs-based P-N junctions. The manual stacking method is simple and easy for 

operation, but suffers from uncontrollable stacking orientation and polymer 

residual from transfer process.70,73,74 Spatially electrostatic doping applies two 

separate and opposite gates control on two sides of a single TMDs flake, in which 

two sides are separated by dielectric layer. For example, positive gate could deeply 

dope intrinsic p-type WSe2 flake toward p+. On the other hand, negative gate inverts 

the major charge carriers to electron, forming a P-N junction.120 However, the extra-

gate control and dielectric separation complicate this device fabrication process, 

increase leak current and consume more energy.  Some molecules exhibit strong 

doping effect for TMDs and can invert its major carrier type.112 However, the 
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unstable nature of these physically absorbed molecules limits its practical 

applications. Direct epitaxy growth of heterojunctions provides not only stable and 

intrinsic TMDs as channel, but also atomically sharp and seamless interface. 

Recently, several monolayer heterojunctions have been successfully grown by direct 

CVD or PVD.109,111,121 However, the growth mechanism and junction properties as 

well as device performance have been fully studied.  

Generally, a type-II band alignment is desired in P-N junctions, because it 

promotes charge transfer efficiently for both type carriers. In addition, a high built-

in potential in P-N junction usually gives rise to low dark-current and fast carriers 

separation. The built-in potential in 2D TMDs-based P-N junction is determined by 

the difference of conduction band in n-type semiconductor (MoS2, MoSe2, WS2) and 

valance band in p-type semiconductor (WSe2). Based on the calculated band 

structures, MoSe2 and WS2 have similar conduction band level, which is much higher 

than that of MoS2.122 This means the built-in potential of MoSe2-WSe2 and WS2-WSe2 

is higher than that of MoS2-WSe2. On the other hand, the lattice mismatch between 

WS2-WSe2 provides strain in the interface, which acts as carrier scattering center 

and deteriorates junction properties. Therefore, MoSe2-WSe2 is the best candidate 

for a 2D P-N junction. 

Here we report the growth mechanism and electric behavior study of 

monolayer in-plane MoSe2-WSe2 heterojunctions by a controlled one-step CVD 

method. Specifically, MoSe2 nucleates first and grows at relatively low temperate 

and WSe2 epitaxially grows outward along the fresh grown edges of MoSe2 to form 
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heterojunctions. The growth stages of MoSe2 and WSe2 is completely separated by 

the amount of precursors and growth conditions. These P-N heterojunctions exhibit 

excellent diode behavior, with a current rectification ratio of ~ 1000 without any 

gate control. In addition, because of the high built-in potential in MoSe2-WSe2 

junction, a record high open circuit voltage (Voc) of 0.72 V is achieved for 2D P-N 

junctions. The large built-in potential could separate photo-generated electron-hole 

pairs fast and efficiently. The response time in a self-powered photodetector is 

down to 6ms, which is three magnitudes faster than that with single TMDs.36  

3.3. Results and discussion 

A typical TMDs CVD growth configuration was utilized here. A clean SiO2/Si 

substrate was put into the tube center and faced down precursors. The upstream Se 

powder was introduced into heating center of furnace by carrier gas and reacted 

with evaporated transition metal oxide under the help of H2. Instead of single 

transition metal oxide, a mixed precursor of MoO3 and WO3 was used here. MoO3 

began to evaporate at 650 ℃ to grow MoSe2 first and WO3 began to evaporate at 

750 ℃ to form WSe2 which was epitaxially grown along the edges of MoS2 to form 

lateral heterojunctions (Figure 3.1).  
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Figure 3.1 Structure of MoSe2-WSe2 lateral heterojunctions. (a) SEM and OM 

image of MoSe2-WSe2 heterojunctions. Clear and sharp interface is clearly 

seen due to the different contrast of inner MoSe2 and outer WSe2 regions. (b) 

Schematic illustration of MoSe2 grown in first stage and epitaxy growth of 

WSe2 along the edges of freshly grown MoSe2 at the second stage to form 

MoSe2-WSe2 lateral heterojunctions. 

To get heterojunctions rather than alloy, the key is to prevent the formation 

of evaporation of MoO3 and WO3 at the same time. Here we used the evaporation 

temperature to completely separate the growth stages of MoSe2 and WSe2. If the 

amount of MoO3 was low enough to make sure it was completely evaporated and 

consumed, only WO3 could be evaporated and reduced at relative high temperature. 

In another word, MoSe2 was grown at relatively low temperature firstly, followed by 

the epitaxy growth of WSe2 at high temperature to form lateral MoSe2-WSe2 P-N 

junctions.  
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To shed more light into the growth mechanism, WSe2 growth with only WO3 

precursor at different stages and same temperature was conducted. As shown in 

Figure 3.2, only particles were observed on the substrate for the first 5 min growth 

with Raman peak at ~250 cm-1 but no PL peak. However, after 10 mins growth, 

purple crystal with monolayer thickness is formed on the substrate and shows the 

characteristic Raman and PL peaks of WSe2. Li et al, suggested particles in TMDs 

growth process were resultant products of evaporated metal suboxides with 

deficient selenium.123 These particles could diffuse on the substrate and provide 

transition metal sources to react with selenium to form selenide.  This was 

consistent with our observation. In the first 5 mins growth, selenium reacted with 

evaporated transition metal suboxide to form particles on the substrate; in the last 5 

mins growth, continuous selenium supply could reduce these particles further and 

diffuse on the substrate to form monolayer crystals. Therefore, we grew MoSe2 in 

the initial ramping and first 5 mins stage, and grow WSe2 in the later 5 mins growth 

to form in-plane heterojunctions through an epitaxy growth.  



 49 

 

Figure 3.2 Morphology, Raman and PL of controlled growth with only WO3 

precursor for 5 min growth (a-c) and 10 min growth (d-f). 

Due to the different bandgap and electronic properties of MoSe2 and WSe2, 

they had a different color contrast on the substrate, enabling us to visually identify 

them, as shown in the optical and SEM images in Figure 3.1. Both the center and 

outer regions of the heterojunction exhibited straight edges, in which the straight 

interface was easily observed with naked eyes and helpful to fabricate electrodes on 

the two-sides of heterojunctions. As shown in Figure 3.3, the thickness of MoSe2-

WSe2 heterojunctions was measured around 1nm by AFM, illustrating their 

monolayer nature. No thickness difference has been observed through the 

heterojunctions because of their identical lattice constants of MoSe2 and WSe2. 



 50 

 

Figure 3.3 AFM and height profile of MoSe2-WSe2 heterojunctions. 

Raman and PL were used to further characterize the lateral MoSe2-WSe2 

heterojunctions. As shown in Figure 3.4, two characteristic Raman peaks located at 

240 and 280 cm-1 were observed for the black dot in the inner region, and identified 

as the A1g and E2g vibrational peaks of monolayer MoSe2 respectively.57 The red dot 

in the outer region showed two peaks at 250 and 260 cm-1, which corresponded the 

A1g and E2g peaks of monolayer WSe2.28 In addition, Raman mappings with specific 

characteristic peak intensity were also conducted to show the spatially distribution 

of heterojunctions. Only the A1g mode of MoSe2 and E2g mode of WSe2 were easily 

observed in the inner and outer areas, respectively, illustrating the formation of 

lateral MoSe2-WSe2 heterojunctions. 
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Figure 3.4 Raman and PL spectrum and their corresponding mapping. (a) 

Normalized Raman spectra of inner MoSe2 (black dot) and outer WSe2 (red 

dot). (b-c) Raman mapping of A1g peak of MoSe2 and E2g peak of WSe2. (d) 

Normalized PL spectra of MoSe2 and WSe2 at same points with Raman spectra. 

(e) PL mapping of outer WSe2 shell with peak intensity. (f) PL mapping of 

inner MoSe2 core with band position. 

Similar with Raman, PL spectrums collected at the black and red points for 

the inner and outer areas had a sharp peak at 820 and 780 nm, which was 

consistent with the optical bandgap of 1.5eV and 1.6eV for MoSe2 and WSe2. The 

strong PL emission was a strong evidence for the feature of direct bandgaps and 

monolayer nature of MoSe2 and WSe2. This is because TMDs transit from indirect 

bandgap to direct bandgap when its thickness goes down to single layer and are 

easily excited by laser to emit strong luminescence. It is noted that PL intensity of 

WSe2 was significantly higher than that of MoSe2 in the heterojunctions. This was 
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consistent with the PL spectra of isolated MoSe2 and WSe2, which is shown in Figure 

3.5, illustrating the quality of heterojunctions is as same as the crystals that were 

grown separately. Only the outer WSe2 area was observed in the PL mapping with 

intensity at 780 nm. However, both inner MoSe2 and outer WSe2 triangles with clear 

interface were observed in the PL mapping with intensity 820 nm. This is because 

the intensity of WSe2 was almost ten times higher than that of MoSe2, and its 

intensity at 820 nm was still higher than the peak intensity of MoSe2 at 820 nm. 

Fortunately, PL mapping with peak position was another helpful approach to show 

the uniform distribution of MoSe2 (Figure 3.4d). More importantly, the concave edge 

of center MoSe2 and convex inner edge of outer WSe2 were clearly seen in both 

Raman and PL mapping, illustrating the high-quality epitaxy growth of WSe2 along 

the edge of grown MoSe2. 

To study the electric behavior of monolayer MoSe2-WSe2 heterojunctions, we 

firstly cut heterojunctions triangles into two pieces through micro-manipulator 

under optical microscopy and then fabricated two electrodes on the two sides of 

heterojunction to electrically access MoSe2 and WSe2. A 5nm Ti/50 nm Au electrode 

was used here to minimize contact resistances. Figure 3.5 is an optical image of 

diode devices based on our monolayer MoSe2-WSe2 heterojunction and its 

corresponding I-V curves. The forward current went up exponentially with voltage 

and its reverse current was almost constant and as low as 10-12 A, which was the 

lowest current limitation of our measurement system. This was consistent with 

current rectification in diode devices, demonstrating the formation of a P-N junction 

in our MoSe2-WSe2 heterojunctions. As illustrated in Figure 3.5d, the different band 
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structures of MoSe2 and WSe2 offered a band offset at the interface and formed a 

type-II band alignment and a built-in potential in the junction, which promoted 

forward current and hindered reverse current. The current rectification ratio was as 

high as 1000 with 5V bias without any gate control, which was one of the best 

diodes based on monolayer heterojunctions.  

 

Figure 3.5 Electrical measurement of MoSe2-WSe2 lateral heterojunctions 

devices. (a-b) schematics and optical image of MoSe2-WSe2 lateral 

heterojunctions devices. Interface of MoSe2-WSe2 device is marked as dash 

lines. (c) Composite Raman mapping image of dash square in Figure3.5 b. Red 

area is WSe2 side and green area is MoSe2 side. (d) I-V curve of heterojunctions 

devices without any gate control, showing good current rectification effect. (e) 

Band diagram of MoSe2-WSe2 heterojunction. Depletion (light red area) is 

formed due to the different Fermi levels of two side semiconductors. 
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We also studied its electric behavior of MoSe2-WSe2 diode devices under light 

illumination. Figure 3.6a is I-V curves at dark and various light power illumination 

conditions. It was easy to observe that I-V curves under light illumination moved 

downward and went through the fourth quadrant, illustrating a strong photovoltaic 

effect for our heterojunctions. The intercept points of I-V curves with current and 

voltage axis are short-circuit current (Isc) and open-circuit voltage (Voc), respectively. 

The Isc and Voc as a function of light power was extracted and plotted in Figure 3.6. 

Voc increased linearly with the logarithm power intensity of incident light at 

the beginning, and then saturated at 0.72V when light power intensity was higher 

than 300 mW/cm2. When light power intensity was not so high, photo-generated 

electron-hole pairs in the junctions could be separately effectively by built-in 

potential, and transported to two electrodes to generate current. The photo-

generated charge carriers were easily recombined by opposite charge carriers in the 

transportation process, reducing the number of carriers that can move to electrodes. 

The Voc linear relationship is dependent on recombination process, which could be 

described by the following equation. 

𝛛𝐕𝐨𝐜

𝛛𝐥𝐧(𝐏)
=

𝐧𝐤𝐓

𝐪
                                                                                                   Equation 3.1 

The left side in equation 3.1 is the Voc linear scaling coefficient. k, T, q are 

Boltzmann constant, temperature, and carrier charge respectively. n represents the 

number of involved charge carriers in the recombination process. n=1 is for 

radiative recombination and n=2 is for defects-related Schockley-Read-Hall 



 55 

recombination. The n value we extracted here was ~ 1.3, which meant radiative 

recombination dominated the recombination process. This was consistent with the 

direct bandgap nature of monolayer TMDs and the high quality of our 

heterojunctions with few defects. On the other hand, Voc did not increase further 

when light intensity was higher than 300 mW/cm2. The theoretical Voc equals to the 

built-in potentials in the junctions, which could be represented by the following 

equation. 

𝐞𝐕𝐨𝐜 = 𝐄𝐅𝐧 − 𝐄𝐅𝐩 = 𝐄𝐞𝐟𝐟𝐠𝐚𝐩 − 𝛙𝐧 − 𝛙𝐩                                                       Equation 3.2 

  In equation 3.2, EFn and EFp are the Fermi level of n-type and p-type 

semiconductor respectively. Eeffgap is the effective bandgap of type-II junctions, and 

its value equals to the conductions band level in n-type semiconductor minus 

valance band level in p-type semiconductor. φn(φp) are difference of Fermi level and 

conduction (valance) band level. Based on the calculated band structures of MoSe2 

and WSe2, Eeffgap was about 1.2 eV, and φn(φp) was about 0.2~0.3 eV in most 

semiconductors. Therefor the estimated Voc for MoSe2-WSe2 was 0.6 ~ 0.8 eV, 

which was consistent with our measurement.  

𝐅𝐅 =
𝐏𝐞𝐥

𝐉𝐬𝐜∗𝐕𝐨𝐜
                                                                                                Equation 3.3 

Isc also scaled linearly with light power intensity but did not have any 

saturation in our measurement range. Fill factor is defined in the equation 3.3 to 

represent photovoltaic effect, where Pel is the maximum photo-generated power and 
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could be easily extracted from I-V curves. The FF value was about 0.3 for our 

heterojunction devices and did not show any power-dependence for our 

measurement. This FF value was almost same with previous work about TMDs 

photovoltaic devices.  

𝐏𝐂𝐄 =
𝐏𝐞𝐥

𝐏𝐨𝐩𝐭
                                                                                                  Equation 3.4 

The PCE defined in above equation is used to represent power conversion 

efficiency. The heterojunction width is determined by tip-enhanced 

photoluminescence (TEPL) for 150 nm. The corresponding PCE is about 0.2%, 

which is comparable with that other TMD junctions in previous works 

(0.1~0.5%).74,111,120 More work in the future will be done for further optimization of 

contact resistance and device fabrication to improve efficiency.  

Theoretically, Voc is only related to built-in potential in the junctions and is an 

important key figure of merit for P-N junctions. It is worthwhile to note that Voc in 

our MoSe2-WSe2 heterojunction was much larger than that of other TMD systems 

(0.22V for WSe2-MoS2 lateral junction111, 0.47V for WSe2-WS2 lateral junction110, 

0.42V for stacked MoS2/WSe2 junction74), and was the highest among photovoltaic 

devices based on layered materials. Furthermore, this record value was also 

comparable with tradition semiconductors and solar cells (0.74V for crystalline 

silicon, 0.68V for multi-crystalline silicon, 0.7V for copper indium gallium selenide 

thin films, 0.7V for dye sensitized cells, 0.6~0.8V for organic cells, 0.8~1V for 

perovskite cells).124 This high Voc demonstrated high quality in our heterojunctions. 
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What is more, the atomic thin structure in MoSe2-WSe2 heterojunction maintained a 

high optical transparency and flexibility, suggesting potential applications for 

transparent or semi-transparent or wearable solar cells, such as semitransparent 

solar cell windows for skyscrapers or self-powered clothes. Voc and optical 

transparency of photovoltaics with layered materials were summarized in Figure 

3.6d. Here we assumed light absorption for monolayer TMDs was 8%, and 

calculated its light absorption with measured absorption coefficient when materials 

thickness was higher than 4nm.125 It clearly showed our monolayer MoSe2-WSe2 

heterojunction have the highest Voc or built-in potential and optical transparency at 

the same time.  
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Figure 3.6 Photovoltaic effect of MoSe2-WSe2 heterojunctions. (a) I-V 

characteristics of heterojunction devices under illumination with light powers 

from 20 μw to 600 μw. The I=0 and V=0 are marked as black dash lines. (b, c) 

Isc and Voc as a function of light power density. (d) The summarized 

transmission and built-in potential represented by Voc of heterojunctions with 

layered materials, demonstrating largest built-in potential and highest 

transparency of our MoSe2-WSe2 heterojunctions simultaneously. 

As discussed above for the photovoltaic effect of heterojunctions, the photo-

generated current was related to incident light power. A photodiode-based 

photodetector was easy achieved for the same device with Isc as an indicator for 

photoresponse. Figure 3.7 is the photoresponse of photodetector based on a 

monolayer MoSe2-WSe2 heterojunction with periodic incident light. Compared with 

dark current, a sharp and steady increase of current was observed when light was 
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shone on the junction area. The On/Off ratio was about 100 without any bias or gate 

control. The rectangular wave shape of photocurrent was well maintained after 

longtime on-off cycles, demonstrating excellent stability and reversibility of our 

heterojunction-based photodetector. Furthermore, the observed response time (for 

both rise and decay time) was only ~ 6ms, which was three magnitudes faster than 

that with single TMDs. This is because the large built-in potential in MoSe2-WSe2 

heterojunction is able to effectively separate photo-generated electron-hole pairs 

and boost response time. In addition, the heterojunction-based photodetector is 

zero-biased and does not consume any extra energy, which matches well with the 

growing demand of modern devices with high integration and low energy 

consumption. 

 

Figure 3.7 Self-powered photodetectors of MoSe2-WSe2 heterojunctions. (a) 

Time-resolved photocurrent spectra of heterojunctions as photodiode without 

any external bias or gate voltage. (b) Single modulation cycle showing fast 

response time. 
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3.4. Conclusion 

In summary, we develop a one-step CVD method to grow monolayer lateral 

MoSe2-WSe2 on substrates directly and study its growth mechanism in detail. MoSe2 

nucleates and grows firstly at the ramping and initial stage, followed by epitaxy 

growth of WSe2 along edges of freshly grown MoSe2 to form in-plane 

heterojunctions. Both inner MoSe2 and outer WSe2 show high crystal quality and PL 

emission, which make these heterojunctions are excellent P-N junctions with 

distinguished devices performance. The current rectification ratio of our 

heterojunction is about 1000 without any gate tuning. A strong photovoltaic effect is 

observed for these heterojunctions and a record high Voc of 0.72V is achieved, which 

is the highest among devices with layered materials and also comparable with 

traditional and bulky silicon or thin films solar cells. Furthermore, the response time 

of heterojunction-based photodetector with zero-bias is only about 6ms, which is 

1000 times faster than devices with single TMDs. These findings demonstrate our 

monolayer lateral MoSe2-WSe2 heterojunction is a promising P-N junction building 

blocks for electronic devices and open up the possibility of using atomic thin 

heterojunctions for future transparent and flexible devices. 
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Chapter 4 

                  High Quality and Large-area

               Continuous h-BN Film Directly

                Grown on Stainless Steel for 

Protective Coating 

4.1. Main points summary 

Corrosion has been the biggest problem for many industries for several 

decades. It accounts for more than half of the failures and costs tens of billions every 

year. h-BN, as an electrically insulator, has excellent both chemical and thermal 

stability. It is stable at high temperature up to 1100 ℃ in the air. Furthermore, it has 

the same hexagonal and layered structure with graphene, and acts as a nature 

lubricant for various working conditions. In this chapter, we report a high quality 

and large-area continuous h-BN film that is directly grown on stainless steel 

substrate. The h-BN triangles merge together to form a large-area, voids-free and 
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continuous film. It could protect underneath stainless steel in the air at high 

temperature up to 800 ℃ or in extremely corrosive solution for long time. The 

corrosion current of h-BN coated stainless steel is less than one tenth of that of bare 

stainless steel at both room temperature and high temperature and pressure 

conditions, and its corresponding lifetime is also significantly increased. 

4.2. Introduction 

Corrosion of functional parts in industry will significantly reduce their 

working time and increase maintenance cost.126 In 1998, a study revealed that total 

annual direct costs associated with metal corrosion in the US industry went up to 

$267 billion, and accounted for about 3% of the US GDP. Besides the direct money 

loss, corrosion also accounts for more than half of the cases of failures.127–129 

Effective and inexpensive passivation technique is always highly desired for many 

industries, such as oil and gas, mining and transportation. In addition, industry also 

exerts growing demands for existing passivation and coating techniques for more 

complicate working conditions. For example, the temperature and pressure in 

downhole environment is higher than 100 ℃ and 130 bar, respectively. Therefore, 

the entire drilling systems have to be coated and protected well. It is apparent that 

the existing coating solutions are insufficient for this enormous economic loss and 

there is not any effective and cheap coating that can work at high temperature and 

pressure conditions to resist abrasion, erosion and corrosion at the same time. New 
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coating solution is highly needed for working at various conditions and to lower this 

enormous economic loss. 

h-BN, often referred as “white graphene”, has the same hexagonal structure 

with graphene and attracts many attentions recently. Different with graphene, h-BN 

is a natural electrically insulator and its bandgap is larger than 5 eV.  Due to its 

atomic flat substrate, large bandgap and high dielectric constant, h-BN is a perfect 

atomically flat substrate for high performance electronic and optoelectronic devices, 

and dielectric layer for tunneling devices.70,130–133 Besides, the Van der Waals 

structure makes its friction coefficient very small, which means it functions as a 

solid lubricant for industry.134 Furthermore, it is also well known with both 

excellent chemical and thermal stability.88,135–137 It is stable at high temperature up 

to 1100 ℃ in the air or up to 2800 ℃ in vacuum. It is also stable at various 

chemically corrosive solutions, including HCl, HNO3, NaOH, where most of non-

passivated metal is easily to be corroded. Combining the atomic thin structure, 

insulator, lubricant and excellent stability together, h-BN is a promising material for 

multi-functional protective coatings for industry, especially for coatings that can 

work at high temperature and pressure conditions, if large-are and continuous films 

could be grown directly on industrial substrates, such as stainless steel plates and 

tubes. 

There are some early reports on using h-BN flakes mixed with resin as 

potential anti-corrosion coating in room temperature.137 However, due to the 

thermally instability of resin or other polymers, it could not be used for high 
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temperature anti-corrosion coating in industry. The intrinsic soft property of resins 

also loses its appealing for anti-abrasion coating in industry. People also use h-BN 

thin films grown on pure copper or nickel substrates for anti-corrosion and anti-

oxidization coatings.23,24 Liu et al, demonstrated that CVD-grown h-BN films on 

nickel could serve as an anti-oxidization coating at high temperature in the air.88 

However, most of the functional parts that need to be protected in industry, such as 

downhole digs and drills, are made of iron, or steel. The grown h-BN film has to be 

transferred from a pure copper or nickel substrate to another steel-based substrate, 

which hinders its practical applications. Also, the transferred coating could not be 

fitted well with an irregular substrate, such as tube and screw. It is better to grow 

large-area and continuous h-BN films directly on industry substrates. 

Even large-area 2D materials, such as graphene, TMDs, and h-BN, have been 

successfully grown with CVD method on pure and clean substrates.25,26,138 However, 

it is still challenging to directly grow high quality materials on industry substrates 

with complicate compositions and phases. Furthermore, the large roughness on 

industry substrates makes it challenging to grow void-free and continuous films. 

Finally, multi-layers and continuous films are needed for protective coatings 

application. Because it is easy to scratch or destroy monolayer or few-layer h-BN 

coatings accidentally during multi-steps fabrication process. The short diffuse path 

of active ions or molecules through grain boundaries, in monolayer or few-layer 

coatings could increase corrosion current and shorten its lifetime. However, it is 

also challenging to grow multi-layers and continuous films.  
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 Here we develop an effective method to directly grow high quality, large-

area and continuous h-BN films on industry stainless steel substrates to protect 

stainless steels from high temperature oxidization and corrosion. Precursor 

(NH3BH3) are catalyzed and decomposed by adjacent nickel foils, and nucleated on 

stainless steels with small triangles, which grow and merge together to form 

continuous h-BN films. Typical sharp and strong peaks at 26.6º and 1363 cm-1 are 

observed for Raman and XRD spectra respectively, illustrating high crystalline 

quality of h-BN films grown on stainless steel.24,88 This method is also extended to 

grow h-BN films on curved substrates or substrates with irregular shapes, such as 

tubes. The measured Yong’s modulus and hardness of h-BN coating is as high as 215 

GPa and 25 GPa, which is several times higher than that of bare stainless steel. The 

sliding friction coefficient of h-BN coating is as low as 0.2, which is about one third 

of that of bare stainless steel, suggesting strong potentials to reduce abrasion 

significantly. The coating could also protect underneath stainless steel from high 

temperature oxidization and corrosion. No obvious surface morphology and 

structure changes are observed for h-BN coated stainless steel after 1hour heating 

at 800 ℃ in the air; while bare stainless steel begins to be oxidized in the air when 

temperature is higher than 600 ℃. The corrosion current for h-BN protected 

stainless steel at both ambient and high temperature and pressure conditions are 

less than one tenth of that of bare stainless steel, suggesting a ten-fold lifetime 

increase. 
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4.3. Results and discussion 

Before CVD growth at high temperature, a quartz tube was vacuumed to low 

pressure and purged with hydrogen several times to remove oxygen. The precursor, 

ammonia borane, was put at the upstream of heating zone of a furnace. It was 

carried into heating center by pure hydrogen gas for catalysis, decomposition, 

nucleates and growth on reduced metallic surface of substrates. Compared with the 

shining surface, stainless steel became dark after h-BN growth, as shown in Figure 

4.1. The uniform color contrast suggested good uniformity of large-area h-BN films 

on substrates. Please note that h-BN can grow on all the exposed surfaces. Figure 

4.1b-c are optical images of top-side and back-side of stainless steel. The same dark 

color contrast illustrated h-BN also covered back-side completely. In addition, we 

also extended this method to grow h-BN films directly on curved substrates, such as 

tubes. The same dark color of h-BN films on stainless steel tubes illustrated quality 

of h-BN films grown on non-flat substrates was as good as that on flat substrates. 



 67 

 

Figure 4.1 Optical images of h-BN grown on stainless steel. (a) Optical image of 

shining stainless steel before growth. (b-c) Optical images of top-side and 

back-side of h-BN grown on stainless steel. The same color of top-side and 

back-side suggests uniformity on both sides are good. (d)Optical image of 

shining stainless steel tube before and after h-BN films growth. (e) Raman 

spectrum of h-BN grown on stainless steel tubes. 

Figure 4.2 is characterization of h-BN films grown on stainless steel. Many 

small triangles were clearly observed in the high-resolution SEM image and merged 

together to form a large-area and continuous film. No obvious pinhole or voids were 

observed in the continuous h-BN films grown on stainless steel. Its diffraction 

pattern only had one set of hexagonal symmetry pattern, which agreed well with its 

P63mc structure and high crystalline quality. The XRD spectrum of h-BN coated 

stainless steel had a sharp and strong peak at 26.6º, which was identified as the 
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(002) peak of h-BN. Similarly, a sharp peak at 1363 cm-1 was also observed for 

Raman spectrum.24 XPS also exhibited typical boron peak at ~191 eV and nitrogen 

peak at ~398 eV for B-N bond. These results were consistent with previous results 

and demonstrated the quality of h-BN films grown on stainless steel was as same as 

that grown on pure cooper or nickel. In addition, XRD mapping was also used to 

represent uniformity of h-BN films. The (002) peak of h-BN on every mapping 

square had almost same intensity, which provided further evidence for the good 

uniformity of h-BN films on stainless steel (Figure 4.3).  

 

Figure 4.2 h-BN films grown directly on stainless steel. (a-b) SEM images of h-

BN films. Many triangular h-BN flakes merge together to form continuous 

films. (c-d) TEM image of h-BN films and its diffraction pattern. (e) XRD 

spectra of h-BN films on stainless steel. (f) Raman spectra of h-BN films on 

stainless steel. (g-h) XPS spectra of B and N element in h-BN films on stainless 

steel. 
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Figure 4.3 XRD mapping of a h-BN film grown on stainless steel. h-BN film is 

divided into six parts, and each part reveals same (002) peak intensity, 

illustrating good uniformity of h-BN film on stainless steel. 

To gain more insights about growth mechanism of h-BN films grown on 

stainless steel, CVD growth with various periods (1,2,5,10,15 mins) were conducted. 

Their optical and SEM images are shown in Figure 4.4. It is easy to observe that 

more and more h-BN flakes were deposited on stainless steel with increasing 

growth times, and the h-BN coverage increased markedly. In addition, the color in 

optical image became darker and darker at the same time. h-BN coverage was 

extracted from SEM images and their relationship with growth time was plotted in 

Figure 4.5. Only a few h-BN triangles were observed on stainless steel for 1min 

growth and the coverage was ~ 20%. Almost a continuous film was formed after 2 

mins growth and its coverage soared to ~83%. After 5 mins growth, the coverage 

further increased to ~100% to form a continuous film. However, many small 

pinholes or voids existed in the film and it took an extra 10 mins to fill these holes to 
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achieve voids-free and continuous films. As shown in Figure 4.5a, the relationship of 

h-BN coverage as a function of growth time fitted well with Lagergren pseudo first-

order absorption model, suggesting precursor or intermediate absorption process 

was the rate-limiting step for h-BN growth. The model could be described by the 

following equation.139 

ln(1-θt) = -k1*t                                                                                 Equation 4.1 

Where θt are absorption coverage at any growth time t, kl is the absorption 

rate constant, t is growth time. Here we assume θe equals to 1 at equilibrium.  

 

Figure 4.4 h-BN growth process on stainless steel. (a) Optical images of 

stainless steel after different growth periods. The edge length of each 

substrate is about 10 mm. (b) SEM images of h-BN on stainless steel with 

various growth periods. The scale bar is 5 μm. 
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Figure 4.5 (a) Relationship of h-BN coverage on stainless steel with growth 

time. (b) Relative element atomic concentration of each element versus 

sputtering cycles. (c) Cross-section of continuous h-BN films on stainless steel. 

h-BN films inherited roughness and morphology of stainless steel substrates 

and usually had a very high roughness, ~ 100nm. Therefore, traditional thickness 

measurement for 2D materials, such as AFM, could not be used directly to measure 

its thickness. The cross-section of h-BN films on stainless steel was fabricated by FIB 

and used to measure h-BN film thickness. The thickness measured here was about 

230 nm for h-BN films with 15 mins growth (Figure 4.5c). XPS depth profile was 

used to map element distribution of h-BN grown on stainless steel along vertical 

direction. After about 15 etching circles, no obvious B and N signal could be detected 
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and the atomic concentration of Fe, Cr and Ni became 69.7, 19.1 and 6.3%, which 

was consistent well with the element concentration in bare stainless steel (304 

stainless steel, Cr:18%, Ni:6-8%).   

To characterize its mechanical properties of h-BN films grown on stainless 

steel, a Hysitron Triboindenter with nanoscale force and displacement was used 

here. Specially, in the loading step, a diamond tip is indented into h-BN coating with 

certain depth, which causes both elastic and plastic deformation. However, in the 

unloading step, tip moves up slowly with the release of elastic strains, and the 

plastic deformation is retained in h-BN coating. Mechanical properties, such as 

modulus, hardness, yield strength and fracture, could be determined by analyzing 

the data of load-displacement curve. Elastic modulus was calculated by the 

following equations. 

𝐒𝐮𝐧𝐥𝐨𝐚𝐝𝐢𝐧𝐠 =
𝛛𝐟

𝛛𝐡
                                                                                                           Equation 4.2 

𝐒𝐮𝐧𝐥𝐨𝐚𝐝𝐢𝐧𝐠 = 𝟐𝛃𝐄𝐫√
𝐀𝐜

𝛑
                                                                                               Equation 4.3 

𝟏

𝐄𝐫
=

𝟏−𝐯𝐬𝐮𝐛
𝟐

𝐄𝐬𝐮𝐛
+

𝟏−𝐯𝐭𝐢𝐩
𝟐

𝐄𝐭𝐢𝐩
                                                                                                    Equation 4.4 

Where Sunloading is the stiffness, 
∂f

∂h
 is slope of unloading curve, β is geometrical 

constant, Ac is reduced or projected area, Er is reduced modulus, vsub and vtip are 

Poisson’s ratio of substrate and tip, Esub and Etip are modulus of substrate and tip. 

For diamond tip, Etip is ~ 1140 GPa and vtip is ~ 0.07. 



 73 

To achieve consistent results and rule out the effects of stainless steel 

substrate, indent depth should be less than 10% of the entire h-BN coating thickness. 

The modulus and hardness of h-BN coating grown on stainless steel was 215±45 

GPa and 25.7±10 GPa (Figure 4.6), which was more than two times higher than that 

of bare stainless steel (89.0±9 GPa and 6.7±0.9 GPa respectively). These excellent 

mechanical properties also suggest h-BN coating could fit well for some intensively 

abrasive conditions, such as drills for oil and gas industry.  

 

Figure 4.6 Nano-indentation characterization of h-BN coatings on stainless 

steel. (a) Optical image of Hysitron Triboindenter system. (b) Schematic 

illustration of loading and unloading process for diamond tip. (c) Typical 

force-displacement curve for h-BN films grown on stainless steel. Its 

indentation depth is 20 nm. (d) Typical force-displacement curve for bare 

stainless steel. Its indentation depth is 250 nm. 
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Similar with indentation along vertical direction, scratch test for abrasion 

characterization was also conducted if force was applied horizontally. Generally, tip 

indents into top surface of h-BN coating firstly, then go forth and back based on 

applied load function to collect sliding friction. As shown in Figure 4.7, the measured 

normal force and lateral displacement function matched well with applied functions, 

and the lateral friction force was also recorded. The friction fluctuated significantly 

on h-BN films, which might be due to different frictions at small h-BN grains and 

grain boundaries. The sliding friction coefficient was easily achieved by dividing 

friction force with normal force. Its average value was 0.2 ±0.1, which was less than 

one third of that of bare stainless steel (0.7±0.2). This means h-BN coating could 

reduce abrasion and erosion significantly and increase lifetime of functional parts in 

industry. 
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Figure 4.7 Scratch test for h-BN films grown on stainless steel. (a-b) Applied 

normal force and lateral displacement function. (c-d) Measured lateral 

friction force and normal force. (e) Measured lateral displacement. (f) Sliding 

friction coefficient of h-BN films grown on stainless steel. 

To leverage the excellent stability of h-BN coatings at high temperature88, we 

also characterized its oxidization-resistant performance of h-BN coated stainless 

steel. Figure 4.8 are the optical images of bare stainless steel and h-BN coated 

stainless steel heated in the air at various high temperatures (600,700 and 800 ℃) 

for 1 hour. When temperature was higher than 600 ℃, bare stainless steel began to 

be oxidized and surface became dark gradually. In the white balanced optical images, 

multiple colorful strips or areas were observed after oxidization, illustrating surface 

morphology was changed. In the SEM image, it is clear to observe many triangular 

prisms grew out on stainless steel surface after oxidization (Figure 4.9). The Raman 
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spectrum also revealed two broad peaks at 540 and 680 cm-1, which were identified 

as oxidization products (Fe,Cr)2O3.140 On the other hand, h-BN coated stainless steel 

remained its original color, morphology and Raman spectrum even after oxidization 

at higher temperature. This provides a strong and direct evidence that h-BN coating 

is able to protect stainless steel from oxidization at high temperature for a long time. 

 

Figure 4.8 Anti-oxidization performance of h-BN coating. (a) Optical images of 

stainless steel heated in the air at various temperatures. (b) Optical images of 

h-BN coated stainless steel heated in the air at various temperatures. The 

scale bar is 10 μm. 
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Figure 4.9 (a-b) SEM images of stainless steel at room temperature and heated 

in the air at 800 ℃. Plenty of triangular prisms appeared on the surface after 

heating in the air. Inset is zoom-in image of the triangular prisms. (c) Raman 

spectrum of stainless steel before and after oxidization. (d-e) SEM images of h-

BN coated stainless steel at room temperature and heated in the air at 800 ℃. 

(f) Raman spectrum of h-BN coated stainless steel before and after oxidization. 

The scale bar is 5 μm. 

Chlorine plays an important role in corrosion, especially for pitting 

corrosion.141,142 However, most of the existing coatings is not capable to prevent 

diffusion of chlorine effectively. In order to study anti-corrosion performance of h-

BN coatings, bare stainless steel and h-BN coated stainless steel were immersed into 

1M hydrogen chloride (HCl), and their Tafel curves were recorded by an 

electrochemical station. A typical three electrodes system with carbon and Ag/AgCl 

as counter and reference electrodes was used here. Please note that large-area films 

(~ 5mm*10mm) without any seal of backside were directly immersed into the 
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solution at room temperature to mimic real working environment and to evaluate 

anti-corrosion performance of h-BN coating clearly. Compared with bare stainless 

steel, Tafel curve of h-BN coated stainless steel moved downward and rightward 

(Figure 4.10), which meant it had a smaller corrosion current and corrosion 

potential. Specifically, the corrosion current of h-BN coated stainless steel was less 

than one tenth of that of bare stainless steel, suggesting its lifetime was ten times 

higher than that of bare stainless steel. In addition, the corrosion potential increased 

from 0.03V to 0.11V. The larger corrosion potential, the less possibility to be 

corroded. Figure 4.10b is the electrochemical impedance of bare stainless steel and 

h-BN coated stainless steel. As expected, the electrochemical impedance of h-BN 

coated stainless steel was more than 10 times greater than that of stainless steel, 

which meant h-BN coating could effectively resist the diffusion of hydrogen and 

chloride ions, significantly decrease corrosion rate and extend lifetime.  

 

Figure 4.10 Anti-corrosion performance of h-BN coating. (a) Tafel curves of 

stainless steel and h-BN coated stainless steel in HCl solution. (b) 
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Electrochemical impedance spectra of stainless steel and h-BN coated 

stainless steel. 

As mentioned earlier, h-BN coating is able to protect underneath substrates 

at high temperature. In order to characterize anti-corrosion performance at high 

temperature and pressure conditions, an autoclave was modified to accommodate 

three electrodes which were connected with outside electrochemical station along 

the shallow indented trench on autoclave (Figure 4.11).  The autoclave was placed 

in an oven with desired temperature during the test, and its Tafel curve was 

recorded. 0.1M HCl was used for high temperature corrosion test. We usually waited 

30 mins to make sure temperature of working electrode reach desired temperature. 

Pressure inside the autoclave at high temperature was easily achieved from the 

relationship of saturated water pressure and temperature. Corrosion test were 

conducted at both 120℃ and 150 ℃, whose corresponding pressure were 2.5 bar 

and 4.5 bar respectively. As shown in Figure 4.12, same with Tafel curves at room 

temperature, Tafel curve of h-BN coated stainless steel also moved to the bottom 

right side at high temperature. The corrosion current of h-BN coated stainless steel 

was ~ 10-4 A/cm2 when temperature was 120 ℃ and pressure was 2.5 bar, which 

was about 10 times smaller than that of bare stainless steel (10-3 A/cm2). When 

temperature and pressure increased to 150 ℃ and 4.5 bar, corrosion current of h-

BN coated stainless steel increased sharply to 10-2 A/cm2, which was still less than 

one seventh of that of bare stainless steel. In addition, bare stainless steel became 

slightly yellow and dark after high temperature corrosion test, while h-BN coated 
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stainless steel remained almost same dark color and morphology. All these results 

clearly demonstrated that h-BN coating was able to protect stainless steel from 

corrosion at both room temperature and high temperature and pressure conditions. 

 

Figure 4.11 (a) Schematic illustration of modified autoclave for high 

temperature corrosion test. (b-c) Optical images of three electrodes system 

and shallow trench on autoclave for wires. (d) Optical image of an autoclave in 

oven during the high temperature corrosion test. 
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Figure 4.12 Anti-corrosion performance of h-BN coatings grown on stainless 

steel. (a-b) Tafel curves of h-BN coatings grown on stainless steel and bare 

stainless steel at 120 ℃ and 150 ℃. (c-d) Histogram of corrosion current and 

corrosion rate for h-BN coated stainless steel and bare stainless steel when 

temperature is 120 ℃ (pressure ~ 2.5 bar) and 150 ℃ (pressure ~ 4.5 bar). (e) 

The top and bottom are optical images of h-BN coated stainless steel before 

and after high temperature corrosion test. (f) The top and bottom are optical 

images of bare stainless steel before and after high temperature corrosion test. 

4.4. Conclusion 

In conclusion, we develop an effective CVD method to grow large-area, high 

quality, uniform and continuous h-BN films directly on industry stainless steel 

substrates. The h-BN films can grow on all exposed surfaces even on curved and 

irregular surfaces. Many small h-BN triangles merge together to form a continuous 

and voids-free coating on stainless steel. The strong and sharp Raman and XRD 

peaks demonstrate h-BN coating grown on stainless steel are highly crystalline. 
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Extending the growth time improves the h-BN coverage to get more uniform and 

dense films. The modulus and hardness of h-BN coating is several times higher than 

bare stainless steel, and its sliding friction coefficient is less than one third of that of 

bare stainless steel. Furthermore, this directly grown h-BN coatings is able to 

protect stainless steel from oxidization at high temperature and significantly reduce 

the corrosion current by more than 10 times at both room temperature and high 

temperature and pressure conditions. These findings open up the possibility to 

grow films on industry relevant substrates directly and will accelerate the practical 

applications of h-BN films in the industry. 
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Chapter 5 

            Monolayer Porous Molybdenum 

Disulfide 

5.1. Main points summary 

Porous membranes are widely used in many industries and products, such as 

catalysts, sea water desalination and biosensing, and become an essential part of 

modern technologies. Combining atomic thin structure and novel properties in 2D 

materials, with unique transportation channels in porous membranes, 2D porous 

membranes are ideal platform to study fundamental transportation behavior in 2D 

pores, as well as to explore new applications in catalysts, purification and 

biosensing. In this chapter, we develop a new method to create multiple nanopores 

in CVD-grown monolayer MoS2 by oxidization at high temperature and subsequent 

selective etching. These nanopores exhibit triangular shapes and their sizes are 

easily tunable by changing oxidization temperature. With much more exposed fresh 
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edge sites which are active sites for hydrogen evolution reaction (HER), basal plane 

activity of monolayer porous MoS2 is significantly enhanced compared with pristine 

MoS2. Our findings imply great applications potential for 2D porous membranes and 

this simple, effective and scalable method to create multiple nanopores on 

monolayer MoS2 paves the way to the exploration and applications of 2D porous 

membranes. 

5.2. Introduction 

Porous membrane has found wide applications in many industry 

technologies or products, such as sea water purification, natural gas separation, 

catalysts and biosensing, and has become an essential part of modern 

technologies.143–145 Two merits, introduced by these defined holes or pores in 

membrane, play an important role for these industrial applications. Firstly, a porous 

membrane has higher specific area, compared with matrix which does not have any 

pores. This means that more active catalysts and bio-active parts could be loaded on 

porous membranes to boost device performances. Secondly, due to spatially 

limitation or different chemical interactions, porous membrane is selective 

permeable for certain molecules or substances. This is widely used for sea water 

desalination, waste water purification and gas separation.  

With the realization of growth of large-area 2D materials, including 

graphene55, TMDs26, h-BN24, 2D membrane is also intensively investigated on 

catalyst19,53,79, gas or molecules separation146–149 and biosensors82. More 
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importantly, combining atomic thin structure and excellent novel properties, such 

as long-term stability and high sensitivity in 2D materials, with large specific area 

and unique transportation channels in porous structure, 2D porous membrane is an 

ideal platform to explore new applications in catalyst, water purification and 

biosensing, and to push the applications of porous membrane to a new high 

level.83,85,150–153 For instance, single layer graphene, whose thickness is only about 

0.34 nm, is able to translate DNA with a single base resolution when DNA pass 

through the nanoscale hole in graphene, providing a good platform for rapid and 

high-resolution DNA sequencing.85 

MoS2, in which Mo atom is coordinated with two S atoms in a trigonal 

prismatic coordination, has direct bandgap and large carrier mobility. It is widely 

studied for atomic thin transistor and photodetector.36,46 However, different with 

graphene as a conductor, monolayer MoS2 is capable to tune its charge polarity, 

charge carrier concentration and catalytic activity, providing strong ion-selectivity, 

high signal-to-noise ratio, and excellent electrocatalytic performance.86,87,154,155 

These merits make monolayer MoS2 a promising candidate for 2D porous 

membrane for new applications in catalyst, biosensing and water purification. For 

example, a 5nm hole was introduced into a monolayer MoS2 to separate two 

reservoirs of potassium chloride (KCl) solution with different concentrations. 

Because MoS2 was an intrinsic n-type semiconductor, excess electrons, as the 

majority charge carrier, were suited in MoS2 and repelled with negatively charged 

ions. As a result, only positively charge ions, K+ in this case, was selected to pass 

through the defined nanohole, to generate net osmotic current and electric power.87 
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Irradiation of focused electron beam with high energy in high vacuum TEM is 

widely used to fabricate a nanoscale hole on 2D materials.154 Despite it is able to 

create holes with arbitrary sizes at different locations, the delicate processes to 

prepare suspended TEM samples, high cost, low efficiency to create holes, and lack 

of scalability dim its future for industry applications. Furthermore, the random 

knock-out process induced by high energy electron beams, it is challenging to 

achieve holes with well-defined shapes and edges, e.g. triangular holes with zigzag 

edges. In addition, electrochemical reaction utilizes a voltage to break down the 

weakest part in solution, e.g. surface S-vacancy, to create a nanohole in MoS2. 

Although sophisticated TEM is replaced by electrochemical reaction in this 

approach, pre-defined openings on SiNx substrates with focused ionic beam (FIB) 

cutting technique and incapability to fabricate multiple nanopores simultaneously 

also lose its appealing for industry.156 

In this chapter, we develop a method to effectively create multiple nanopores 

on monolayer MoS2 by oxidization in the air at high temperature and subsequent 

selective etching. Oxidization is initialized on surface defects, e.g. S-vacancy, to form 

MoO3 nucleation centers, followed by atom-by-atom growth of MoO3 along in-plane 

direction. As a result, small MoO3 triangles are decorated on monolayer MoS2 plane. 

Triangular MoO3 could be selectively removed by diluted acid to create triangular 

nanopores on MoS2. The size of nanopores is easily tunable by changing oxidization 

temperature, and change from 24 to 107 nm for oxidization from 300 ℃ to 450 ℃. 

Plenty of fresh edges, which are the active sites toward HER77,157, are exposed on 

porous MoS2, to boost the catalytic activity of basal plane of MoS2. Overpotential at 
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10 mA/cm2 and Tafel slope of porous MoS2 is 0.27 V and 168 mV/dec, which 

decreased more than 20% and 40% respectively, compared with pristine MoS2. 

5.3. Results and discussion 

The schematic illustration of fabrication process of porous MoS2 is shown in 

Figure 5.1. Firstly, monolayer single crystalline MoS2 flakes were grown on SiO2 

substrate with conventional CVD method. Raman spectrum revealed two 

characteristic peaks at 384 cm-1 and 403 cm-1, which were identified as A1g and E2g 

peaks respectively (Figure 5.2). A strong PL emission peak located at 675 nm, 

corresponding to an optical bandgap of 1.8 eV, was also observed in its PL spectrum. 

All these provided strong evidence toward the monolayer characteristic of CVD-

grown MoS2.26 Secondly, the substrate with monolayer MoS2 was heated up in the 

air at high temperature (300 to 450 ℃ in this work) for 1 hour. The theoretical 

results have shown that oxygen molecules preferred to adsorb on surface defects or 

S-vacancy of MoS2, and were more likely to react with neighboring MoS2.158 The 

oxidization was initialized at surface defects, e.g. S-vacancy, to form MoO3, which 

gradually grew out atom-by-atom along the basal plane direction of MoS2. As a 

result, multiple small MoO3 triangles were formed and decorated on MoS2 matrix. 

Finally, diluted acid, e.g. HCl, was used to selectively etch away MoO3 to create 

multiple triangular nanopores for achieving porous MoS2. Figure 5.1 b-c were 

typical SEM images of porous MoS2. Multiple small triangles with white color 

contrast were observed in the big black MoS2 triangular flake. They exhibited 
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exactly same contrast with SiO2 substrates, illustrating no materials were sited here. 

Namely, these white and small triangles were nanopores in MoS2. Backscattering 

mode of SEM was also used to observe these nanopores clearly. Most of these 

nanopores were in the shape of regular triangles with straight edges. Some of these 

triangles merged together to form large and irregular pores. AFM was also used to 

characterize the morphology of these nanopores, as shown in Figure 5.3. Many small 

regular triangular nanopores were clearly observed and showed same contrast with 

substrate. 

 

Figure 5.1 Structure of monolayer porous MoS2. (a-c) Schematically 

illustration of the preparation of porous MoS2 through oxidization and 

subsequent etch processes. The small red triangles represent MoO3 which will 

be etched away by HCl to form triangular nanopores. (d-e) SEM images of 

porous MoS2 with secondary electron mode. (f) High-resolution SEM images 

with back-scattering mode. 
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Figure 5.2 (a) Optical image of CVD-grown monolayer MoS2 on SiO2/Si 

substrate. (b-c) Raman and PL spectra of monolayer MoS2. 

 

Figure 5.3 AFM images of porous MoS2. Small triangles on MoS2 basal plane 

show same contrast with substrate, indicating these dark dots are nanopores. 

In order to take more insight from the mechanism of fabrication process of 

porous MoS2, XPS was conducted to monitor valance change of Mo element in MoS2 

at different steps (Figure 5.4). Here we used pristine MoS2, oxidized MoS2 and 

porous MoS2 to represent CVD-grown MoS2, oxidized MoS2 at high temperature and 
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acid-treated oxidized MoS2, respectively. Only one pair of peaks of Mo, located at 

230 and 233 eV, was observed in the spectra of pristine MoS2. These two peaks were 

identified as Mo4+ 3d 5/2 and Mo4+ 3d 3/2 respectively, and their intensity ratio 

was about 1.5. Interestingly, another peak centered at 236 eV was revealed for the 

spectra of oxidized MoS2. In addition, the intensity of peak at 233 eV also 

dramatically increased, compared with pristine MoS2. As a result, the intensity ratio 

of peak at 230 eV to peak at 233 eV decreased to 1. By carefully deconvolution of 

these peaks, another pair of peaks at 233 eV and 236 eV were found and identified 

as Mo6+ 3d 5/2 and Mo6+ 3d 3/2, respectively, illustrating parts of MoS2 was 

oxidized in the heating process. Within this simple reaction environment of 

monolayer MoS2 and oxygen, to the best of our knowledge, MoO3 is the most likely 

structure containing Mo6+. However, after HCl etching process, this pair of peaks at 

233 eV and 236 eV for Mo6+ disappeared and only peaks for Mo4+ were remained. 

This is because MoO3 was dissolved into HCl solution while MoS2 was stable in acid 

solution. This selective etching of MoO3 created multiple triangular nanopores on 

MoS2 to form monolayer porous MoS2. Please note that peaks position and intensity 

ratio of porous MoS2 remained same with that of pristine MoS2, suggesting MoS2 

part in porous flake was retained intact after oxidization and acid etching. It is 

worth noting that XPS evolution during oxidization and acid etching was repeatable 

for oxidization from 300 ℃ to 450 ℃. As shown in Figure 5.5, paired peaks for Mo4+ 

3d and another paired peak for Mo6+ 3d always coexisted in the spectra of oxidized 

MoS2 which was heated up at various temperatures. No peaks for Mo6+ were 

observed for spectra of porous MoS2.  
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Figure 5.4 XPS evolution during nanopores formation process. (a-c) Mo 3d 

spectrum of pristine CVD-grown MoS2, oxidized MoS2 (450 ℃) and porous 

MoS2. Another pair of Mo6+ peaks appear in oxidized MoS2 and disappear in 

porous MoS2. (d-e) Mo6+ to Mo ratio increases with oxidization temperature 

while S/Mo ratio decreases with temperature for oxidized MoS2. (f) S/Mo ratio 

of pristine and porous MoS2 as a function of oxidization temperature. The 

almost same S/Mo ratio illustrates the formation of MoO3 triangles during 

oxidization process and demonstrates the mechanism of nanopores formation. 
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Figure 5.5 Mo 3d XPS spectrum of oxidized MoS2 and porous MoS2 with 

different oxidization temperature. (a-b) 300 ℃, (c-d) 350 ℃ and (e-f) 400 ℃. 

Furthermore, we also recorded the ratio of sulfur to molybdenum (S/Mo 

ratio) of MoS2 oxidized at various temperatures to trace the state of MoS2 in the 

process of oxidization and acid etching. The S/Mo ratio was about 1.7 for pristine 
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MoS2, illustrating many S-vacancy existed in the CVD-grown MoS2. Figure 5.4 e is the 

S/Mo ratio trend as a function of oxidization temperature for oxidized MoS2. It 

decreased with oxidization temperature. This is because oxidization at high 

temperature had a large reaction rate and more S atoms could be replaced by 

oxygen for same oxidization period. When oxidization temperature was 450 ℃, the 

S/Mo ratio went down to 1, which meant almost half sulfur atoms were replaced by 

oxygen. Figure 5.4f was the plot of S/Mo ratio as a function of oxidization 

temperature for porous MoS2. Importantly, the S/Mo ratio went back to the value 

which was almost same with that of pristine MoS2. During the heating process at 

high temperature, oxygen replaced S atoms firstly at surface defects in MoS2, e.g. S-

vacancy, and the covalently bonded Mo atom was oxidized from Mo4+ to Mo6+. This 

oxidization grew out atom-by-atom and transformed adjacent MoS2 to MoO3. As a 

result, small MoO3 triangles were formed in monolayer MoS2. The unoxidized 

regions remained intact and had exactly same S/Mo ratio with pristine MoS2 after 

the selective etching of MoO3 by HCl. The same S/Mo ratio of porous MoS2 and 

pristine MoS2 completely ruled out the possibility that oxygen doped MoS2 

uniformly at high temperature. It is a strong evidence for the non-uniform 

oxidization behavior of MoS2 at high temperature, as well as the formation of 

MoO3/MoS2 in-plane heterostructures. 

Raman and PL spectra were also studied for oxidized MoS2 and porous MoS2. 

Figure 5.6 (a-b) is the Raman spectra of oxidized MoS2 with various oxidization 

temperatures. No obvious Raman peak shifts were observed in our heating 

temperature range (300-450℃). This excluded the possibility of uniform doping of 
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oxygen in MoS2 during heating process. This is because that different sizes of S and 

O atom could induce a significant crystal lattice distortion to shift Raman peaks 

accordingly, when oxygen is uniformly doped into MoS2. This is another evidence for 

the formation of MoO3/MoS2 in-plane heterostructures and consistent with the 

aforementioned XPS changes. The laser spot size(1μm) for Raman spectra was much 

larger than the sizes of triangular MoO3, and it was able to cover both MoO3 and 

MoS2 areas. The observed Raman spectra came from unoxidized MoS2 areas. 

However, no obvious peaks of MoO3 were observed. The intensities of both A1g and 

E2g peaks maintained almost same with pristine MoS2 but dropped dramatically 

when heating temperature was higher than 400 ℃. A similar trend was also 

observed for porous MoS2 (Figure 5.6d). The removal of triangular MoO3 did not 

have any effect on the rest unoxidized MoS2 area, which agreed well with the change 

of XPS spectra after etching. 
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Figure 5.6 (a-b) Raman spectra and intensity change of oxidized MoS2. (c-d) 

Raman spectra and intensity change of porous MoS2. 

Similar with Raman spectra, PL spectra did not shift obviously for both 

oxidized MoS2 and porous MoS2 (Figure 5.7). However, the intensity of PL spectra 

for oxidized MoS2 exhibited different trends with that of Raman spectra. The PL 

intensity at 675 nm went up firstly then went down as a function of oxidization 

temperature. When heating temperature was 300 ℃, oxygen could not replace 

enough S atoms. The low concentration of O atoms in oxidized MoS2 slightly doped 

MoS2 and enhanced its PL intensity. The PL intensity went down as a function of 

heating temperature, and a small trion peak was also observed for the spectra of 

porous MoS2. This might be attributed to the localized states induced by edges of 

nanopores.  
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Figure 5.7 (a-b) PL spectra and intensity change of oxidized MoS2. (c-d) PL 

spectra and intensity change of porous MoS2. 

More importantly, the sizes of nanopores equaled to MoO3 areas, which 

depended on oxidization kinetics at high temperature. Therefore, it was able to tune 

the sizes of nanopores easily by changing oxidization temperature. Here we used the 

edge length to represent size of nanopores in MoS2, and their histogram for porous 

MoS2 were plotted in Figure 5.8. The average size for porous MoS2 treated at 300 ℃ 

was 24.87±8.12nm, and it increased to 40.84±12.10 nm, 64.45±14.32 nm, and 

107.85±26.32 nm for 350, 400 and 450 ℃ oxidization, respectively. Higher 

oxidization temperature, higher reaction rate and larger MoO3 triangles and 

nanopores size. 



 97 

 

Figure 5.8 Tunable nanopores sizes in porous MoS2. (a-d) Histograms of 

statistical nanopores sizes of porous MoS2 oxidized at different temperatures. 

(e) Size of nanopores increases with oxidization temperature. (f) Oxidization 

kinetics illustrated by the fitting relationship between average nanopores 

sizes and oxidization temperature. 

In order to take more insight for the oxidization behavior of MoS2 at high 

temperature, we also studied the relationship of average size of nanopores and 

heating temperature. It is well known that reaction constant depends on 

temperature, which is described by Arrhenius’s equation. Besides, we know that the 

number of S atoms replaced by O atoms is related to the sizes of triangular MoO3, 

namely, sizes of nanopores. Here, we assume all S atoms in the areas of nanopores 

were completely replaced by O atoms. The number of S atoms replaced could be 

represented by oxidization kinetics in equation 5.2. Thereby, it is able to derive the 

relationship of averages sizes of nanopores as a function of heating temperature 

(equation 5.3). By fitting the relationship of the natural logarithm of nanopores sizes 

(ln a) and temperature reciprocal (1/T), we obtained the energy barrier of 
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oxidization of sulfur-deficient MoS2 as 0.7eV. Santosh et al, demonstrated that 

energy barrier of oxygen dissociative adsorption on S-vacancy in MoS2 was about 

0.8 eV, which was only half of the value for stoichiometric areas in MoS2.158 Oxygen 

preferred to stay on S-vacancy in MoS2 and replaced nearby S atoms to form MoO3 at 

high temperature. The consistent experimental and theoretical results 

demonstrated oxidization of S-vacancy MoS2 was both thermodynamically and 

kinetically favored. 

𝐊 = 𝐀 ∗ 𝐞𝐱𝐩 (−
𝐄𝐚

𝐤𝐁𝐓
)                                                                                                 Equation 5.1 

𝐊 ∗ [𝐎𝟐]𝒙 ∗ [𝑺𝒏𝒆𝒂𝒓𝒆𝒔𝒕]𝒚 = √𝟑/𝟒 ∗ 𝒂𝟐/𝑺𝟎                                                             Equation 5.2 

𝐥𝐧(𝐚) =
−𝐄𝐚

𝟐𝐤𝐁𝐓
+ 𝐂𝐨𝐧𝐬𝐭                                                                                              Equation 5.3 

K is reaction rate constant, A is Arrhenius constant, Ea is activation energy, kB is 

Boltzmann constant, T is oxidization temperature, [O2] is oxygen partial pressure in 

air, [Snearest] is the nearest available S sites around per oxygen atom which has 

replaced sulfur already, t is heating time, a is average size of triangular nanopores, 

S0 is occupied area of per sulfur atoms. x and y is the kinetic order and will be 

determined experimentally. 

It is well known that edge sites have significantly stronger catalytic activity 

toward HER than basal plane of MoS2.77,157 Because plenty of catalytic active sites, 

e.g. edges of nanopores in MoS2, were exposed in porous MoS2, it is expected to have 

a significantly higher catalytic performance compared with pristine MoS2. 

Electrocatalytic properties of porous MoS2 was also conducted in the case of HER 
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with the technique of localized catalytic characterization. Specifically, MoS2 triangles 

on SiO2 substrates were connected to a pre-defined electrode with the help of 

semiconductor nanofabrication techniques. A layer of thick PMMA was spin-coated 

on top to isolate MoS2 with electrolyte. A small circular window with diameter of 2 

μm was opened on the basal plane of MoS2, which provided a channel from the 

fabricated electrode to electrolyte. Thus, working electrode connected with the 

fabricated electrode, and both reference and counter electrodes were immersed into 

electrolyte which was dropped on PMMA layer. Its catalytic performance was 

recorded by a nearby electrochemical station. Figure 5.9 is the linear scanning 

voltage-current curve of pristine MoS2 and porous MoS2 oxidized t 350 ℃. 

Compared with pristine MoS2, porous MoS2 exhibited much better catalytic 

performance, which was in line with our expectation. The onset potential (1mA/cm2) 

and overpotential of 10 mA/cm2 of pristine MoS2 was 0.11 and 0.34 V; while they 

dropped to 0.01 and 0.27 V respectively for porous MoS2. In addition, Tafel slope of 

porous MoS2 was 168 mv/dec, which was about 40% decrease, compared with 

pristine MoS2 (275 mv/dec). Please note that porous and pristine MoS2 used for 

HER came from the same batch and almost same position on the substrate to 

eliminate catalytic performance difference induced by composition difference of 

CVD-grown samples. Thereby, it was reasonable to attribute the decrease of 

overpotential and Tafel slope to exposed fresh edge sites in porous MoS2. 



 100 

 

Figure 5.9 HER performance of porous MoS2. (a) Polarization curves of typical 

porous MoS2 oxidized at 350 ℃ and pristine CVD-grown MoS2. (b) Tafel slope 

of porous and pristine MoS2. 

5.4. Conclusion 

In conclusion, we report a simple and effective method to create multiple 

triangular nanopores on monolayer MoS2 by oxidization at high temperature in the 

air and subsequent selective etching. Oxidization starts from S-vacancy on MoS2 and 

grew out atom-by-atom to form triangular MoO3 areas, which could be selectively 

etched away by acid to achieve porous MoS2. The average sizes of porous MoS2 are 

easily tunable from 24 to 107 nm by changing oxidization temperature. The 

activation energy for oxidization of S-deficient MoS2 was 0.7 eV, which are 

consistent with theoretical results. Overpotential at 10 mA/cm2 and Tafel slope are 

0.27 V and 168 mV/dec for porous MoS2, respectively, which decrease about 20% 

and 40% compared with that of pristine MoS2. These findings open up the 

possibility of using monolayer porous MoS2 for high-performance catalyst and 
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biosensors, and pave the way for promising two-dimensional solid-state pore 

techniques.  
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Chapter 6 

           Biomolecule Sensing by Surface 

              Enhanced Raman Scattering of

                    Monolayer Transition Metal

 Dichalcogenide 

6.1. Main points summary 

Raman enhancement with nonmetallic substrates is significantly important 

for both fundamental studies of light-matter interactions and practical applications 

of microanalytical technique. Recently, it is found that diverse 2D materials are 

capable to function as Raman enhancement substrates with different mechanisms. 

Monolayer Janus TMDs (MoSSe), which is achieved by complete replacement of top 

Se atoms by S atoms in monolayer MoSe2, has asymmetric S-Mo-Se structure and 

generates aligned dipoles between top S atoms and bottom Se atoms in the out-of-

plane direction. These aligned dipoles interact intensively with surrounding 
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environment, as well as adsorbed molecules, to enhance their Raman vibrational 

intensity. In this chapter, we demonstrate that monolayer Janus MoSSe is able to 

enhance Raman signal of adsorbed biomolecules. Significant characteristic Raman 

peaks of glucose are observed from monolayer Janus MoSSe, because of the strong 

dipole interactions between probe molecules and the Janus substrate. The estimated 

Raman enhancement factor is about 4*105, which is comparable with that of 

nanometallic substrates. The integrated intensity of C-C stretching Raman peak of 

glucose shows strong linear correction with glucose concentration in the range of 1-

10 mM. Theoretical calculation also supports Raman enhancement effect of glucose 

molecules on monolayer Janus MoSSe by the redistributed charge density induced 

by strong dipole interactions. Our work takes a step forward of the practical 

applications of health monitoring by means of Raman enhancement with 

nonmetallic substrates. 

6.2. Introduction 

Surface enhanced Raman scattering (SERS), as a simple and effective 

microanalytic technique, has been widely studied in the past several decades.159–162 

It is well known for its superior selectivity and excellent sensitivity towards probe 

molecules, which originate from the unique vibrational fingerprints of adsorbed 

molecules and strong molecule-substrate or light-substrate interactions. For 

instance, in spite of the same formula for glucose and fructose, these two molecules 

have totally different vibrational modes, induced by different structures of six-

membered ring and five-membered ring in glucose and fructose, respectively. 
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Therefore, SERS is able to detect trace amount of molecules or even single molecule,  

rendering it a promising microanalytical technique for sensing, health monitoring, 

and in-situ dynamic tracking of chemical reactions.163–171 What is more, this optical 

detection method is prompt-responsive and non-invasive, making it a perfect tool 

for health monitor applications, such as saliva and sweat analysis.172 Despite it has 

been investigated for a long time, many ambiguities still exist, especially for the 

fundamental Raman enhancement mechanism. Generally, there are two widely 

acceptable mechanisms, namely, electromagnetic mechanism (EM) and chemical 

mechanism (CM). For EM, the incident light is confined in a nanoscale space defined 

by nanoscale metallic structures, e.g. gold particles and aluminum bowties.159,173 As 

a result, surface plasmon is generated on the surface of metallic structures to 

enhance local electromagnetic field. On the other hand, CM is believed to involve 

charge transfer or dipole interaction between probe molecules and substrate.174 

However, it is not yet understood well so far. Discovery of new SERS media which 

subjects to CM may provide additional insight to help improve the understanding. 

Even though the Raman enhancement factor for nanoscale metallic structures could 

be as high as 1012, the ultra-strong electromagnetic field is able to catalyze 

adsorbates easily. This side-reaction also generates strong Raman signals which 

mixes with signals of probe molecules, hindering the practical applications of SERS. 

Therefore, exploring nonmetallic and SERS-active substrate is of critical importance 

for overcoming these disadvantages of nanometallic substrates.  

2D materials have attracted both academic and industrial interests and 

attentions in the past decade, because they exhibit novel electrical, mechanical, 
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chemical, and thermal properties which are rare in their bulk counterparts.46,175–178 

Inspired by the great success of graphene, various other 2D materials have been 

successfully synthesized and studied, including h-BN24, TMDs26, MXene30 and many 

more in the rapid growing 2D family. Interestingly, diverse 2D materials, such as 

graphene, h-BN and TMDs, have been demonstrated for Raman enhancement.179–184 

However, the Raman enhancement mechanisms for these 2D materials are different. 

For instance, Raman enhancement effect of graphene depends on ground-state 

charge transfer with adsorbates.179 On the other hand, h-BN utilizes interface 

dipole-dipole interactions to enhance Raman scattering.181 Due to the weak 

interactions between probe molecules and 2D materials, Raman enhancement factor 

for 2D materials is usually less than 100. In addition, the probe molecules that work 

with these nonmetallic substrates are limited to specific structures that possess 

large Raman scattering cross-section area in most cases, such as copper 

phthalocyanine (CuPc) and rhodamine 6G (R6G).179,181 This makes it challenging to 

detect small biomolecules, which have significant value for health monitoring, e.g. 

glucose and dopamine sensing, using SERS with nonmetallic substrates, especially 

2D materials. 

Based on the dipole-dipole interaction mechanism, substrates that have 

effective out-of-plane dipoles have the highest chance to be SERS-active. 

Nevertheless, common 2D materials have symmetric structures in the out-of-plane 

direction, e.g. MoS2, and they do not typically carry atomic-scale dipoles. On the 

other hand, monolayer Janus MoSSe is successfully synthesized by selective 

replacement of top layer of Se atoms in monolayer MoSe2 with S atoms, breaking the 
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out-of-plane symmetry in monolayer TMDs.185,186 DFT calculation has shown that 

the breaking of the out-of-plane symmetric structure could change electronic, 

mechanical and optical properties of monolayer TMDs dramatically.187,188 

Furthermore, due to different electronegativity of top S and bottom Se atoms, this 

asymmetric out-of-plane structure generates aligned dipoles between the top S 

atoms and bottom Se atoms, enabling strong interactions between Janus MoSSe 

substrate with surrounding environment, as well as adsorbed biomolecules. With 

these factors considered, the dipole interactions from monolayer Janus MoSSe are 

highly promising for the enhancement of Raman scattering. 

In this chapter, we report that monolayer Janus MoSSe is an effective SERS-

active substrate for biomolecules sensing. Due to the strong interactions of aligned 

dipoles in Janus MoSSe and adsorbed molecules, multiple strong characteristic 

Raman peaks of adsorbed molecules, e.g. glucose and dopamine, are clearly 

observed in their Raman spectra. The estimated Raman enhancement factor is about 

4*105, which is several magnitudes higher than that of other 2D materials. DFT 

calculation also shown that charge redistribution induced by dipole interactions 

from monolayer Janus is able to enhance Raman vibrational intensity significantly of 

adsorbed biomolecules. In addition, the C-C stretching peak at ~1360 cm-1 is used to 

indicate glucose concentration and its integrated-peak intensity shows linear 

correction with glucose concentration in the range of 1-10 mM. Our work opens a 

way to detect biomolecules with monolayer Janus TMDs as SERS-active substrates. 
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6.3. Results and discussions 

Monolayer Janus MoSSe was synthesized by a surface-limited sulfurization 

process, which was developed by our group.186 Specifically, the top layer of Se atoms 

in CVD-grown monolayer MoSe2 was replaced by S atoms at high temperature, and 

the bottom layer of Se atoms was remained intact. As a result, a monolayer 

sandwiched structure of S-Mo-Se was achieved and named as Janus MoSSe. Figure 

6.1a-b is the schematic structures of top-view and side-view of monolayer Janus 

MoSSe. The triangular shapes of single-crystalline monolayer flakes were retained 

after the sulfurization process. Despite the change in optical color contrast in Janus 

MoSSe compared with original MoSe2 on SiO2 substrate, which originated from a 

bandgap shift, these flakes remained clearly visible. Two typical characteristic 

vibrational modes that are usually observed in TMDs, namely, A1g for out-of-plane 

vibration and E2g for in-plane vibration, were clearly observed in the Raman spectra 

of Janus MoSSe at 290 and 350 cm-1 respectively. The optical color contrast change 

and typical Raman peaks demonstrated the asymmetry characteristic of monolayer 

Janus MoSSe. Because the out-of-plane symmetry structure is broken in Janus 

MoSSe, some novel properties that does not exist in nature are granted to this 

artificial material. For example, large out-of-plane piezoelectric polarization in 

monolayer Janus could be induced by a uniaxial strain in the basal plane, revealing 

the potential to utilize piezoelectric 2D materials in device applications.187  
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Figure 6.1 Schematic illustration of monolayer Janus MoSSe. (a-b). Top-view 

and front-view of monolayer Janus MoSSe. (c) Optimal image of monolayer 

Janus MoSSe. The scale bare is 20 μm. (d) Typical Raman spectrum of 

monolayer Janus MoSSe. 

Due to the asymmetric sandwiched S-Mo-Se structure and different 

electronegativity between top S atoms and bottom Se atoms, dipoles between top S 

and bottom Se atoms are generated in monolayer Janus. It is worth to note that 

dipoles lie in the whole flake and are aligned along the out-of-plane direction. These 

aligned dipoles in monolayer Janus MoSSe reach out to interact intensively with 

surrounding environment, as well as the adsorbed molecules. This strong 

interactions from monolayer Janus MoSSe might change the Raman vibrational 
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intensity of interacted molecules. Here we used glucose, which was one of the most 

important metabolites for human, as the probe molecule, and recorded its Raman 

spectra on monolayer MoS2 or MoSe2 or Janus MoSSe to trace the dipole-dipole 

interaction between substrate and adsorbed molecules. As shown in Figure 6.2, no 

obvious peaks of glucose were observed on monolayer MoS2 or MoSe2. This ruled 

out the possibility that potential SERS activity originated from Mo-based TMDs in 

their natural 2H configuration. However, multiple strong peaks of glucose were 

observed on monolayer Janus MoSSe (Figure 6.3c). This is in line with our 

expectation, that the dipole-dipole interactions between monolayer Janus MoSSe is 

significant, and the strong interaction is able to enhance Raman vibrational intensity 

of adsorbed glucose dramatically. The enhanced vibrational intensity boosted the 

sensitivity of SERS with monolayer Janus MoSSe, enabling the detection of glucose at 

concentration as low as 500 μM. In contrast, due to the symmetric out-of-plane 

structure and lack of aligned dipoles in monolayer MoS2 and MoSe2, the interaction 

between these materials and glucose was very weak and could not promote any 

Raman enhancement effect for glucose.  
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Figure 6.2 (a-b) Raman spectra of glucose absorbed onto monolayer MoS2 and 

MoSe2. No visible peaks were observed because of weak interactions of 

glucose and MoS2 and MoSe2. 
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Figure 6.3 (a) Schematic illustration of laser irradiation of glucose on Janus 

MoSSe for SERS characterization. (b) Structure of adsorbed glucose molecule 

in (a). (c) Raman spectra of glucose absorbed onto monolayer Janus MoSSe. 

Multiple Raman peaks were enhanced by strong dipole interactions between 

glucose and Janus MoSSe. (d) Differential intensity of pristine Raman spectra 

in (c) showing characteristic Raman vibrational peaks clearly. 

To observe the enhanced Raman peaks clearly, a differential was applied on 

the original Raman spectra of glucose adsorbed on monolayer Janus MoSSe (Figure 

6.3d). As shown in Figure 6.4, Raman spectra of glucose powder was also collected 

as a baseline for identification of peaks of adsorbed glucose on Janus MoSSe, and 

their corresponding vibrational modes were also listed in Table 6.1.189 Six obvious 
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peaks located at 772 cm-1, 928 cm-1, 993 cm-1, 1180 cm-1, 1311 cm-1, 1360 cm-1, were 

clearly observed in the differential Raman spectra (Figure 6.3d). Compared with 

Raman spectra of glucose powder, these six peaks were identified as C rocking, C 

ring breathing, C ring distortion, C-O-C bending, C-O stretching and C-C stretching 

respectively. The strong and wide background peak of silicon at 900-1050 cm-1 

overlapped with two peaks for C ring distortion and C-O-C bending at 928 cm-1and 

993 cm-1(Figure 6.3c). However, they were clearly observed in the differential 

spectra (Figure 6.3d). Please note that not all the vibrational modes in the Raman 

spectra of glucose powder were observed clearly in the spectra of glucose adsorbed 

on monolayer Janus MoSSe. There are a few reasons for it. The first reason is that 

peaks in SERS with monolayer Janus were broadened and aggregated to a form a 

wide background. It is not easy to find these peaks clearly. Careful deconvolution is 

needed to identify these hidden peaks. The second reason is various adsorption 

configuration of glucose molecules on monolayer Janus coexist. Namely, adsorbed 

glucoses point to various directions. As a result, these aligned dipoles in Janus 

MoSSe interact differently with adsorbed molecules which points various directions. 

The third reason is that enhancement factors for various vibrational models in 

adsorbed glucose molecules are different even same adsorption configuration of 

glucose is considered. This is because enhancement factors originate from dipole-

dipole interactions, which are dependent on vibrational orientations in glucose. 

Various vibrational modes in glucose, e.g. C-O stretching and C-C stretching, have 

different orientations, resulting in different interactions and Raman enhancement 
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effects. Therefore, not all glucose peaks were observed on SERS with monolayer 

Janus MoSSe.  

 

Figure 6.4 Raman spectra of solid glucose powder. 
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Table 6.1 Raman peak position and corresponding vibrational modes for 

glucose 

Raman peak position (cm-1) Vibrational mode 
715 C-C-O rocking and ring distortion 
773 C rocking and ring distortion 
885 C rocking coupled to C-O-C stretching 
927 Ring breathing mode 

1010 Ring distortion with asymmetric stretching 
1074 C-O-C asymmetric stretching 
1124 C ring distortion and C-C asymmetric stretching 
1165 C-O-C bending coupled to C-OH stretching 
1206 H wagging  
1228 C-O stretching 
1268 Symmetric C-O-C stretching coupled with C-H wagging 
1328 C-O stretching 
1360 C-C stretching coupled with O-H bending 
1453 C bending 

 

It is worthwhile to note that we did not see any obvious peak on blank 

SiO2/Si substrate, and the Raman enhancement factors could not be calculated 

directly. To estimate the Raman enhancement factor for glucose on monolayer Janus 

MoSSe, a thick layer of glucose powder on blank SiO2/Si substrate was prepared, 

whose Raman intensity was represented by equation 6.1. On the other hand, a 

droplet of 10 mM glucose solution with volume of 50 μL was dropped on monolayer 

Janus substrate. Raman spectrum was collected after substrate was blow-dried 

(Figure 6.5). Here we assumed all the glucose molecules were adsorbed on the 

substrate, and the absorption of glucose on the entire substrate was uniform. Its 

Raman intensity was represented by equation 6.2. The calculated enhancement 

factor was about 4*105, which is comparable with that of EM with nanometallic 
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substrates, and several magnitudes higher than that of other 2D materials.159,181,182 

Please note that this is a very conservative estimation for Raman enhancement 

factor because only small part of glucose molecules in the droplet were adsorbed on 

Janus substrate. 

𝑵𝒃𝒍𝒂𝒏𝒌

𝑺𝒃𝒍𝒂𝒏𝒌
∗ 𝑺𝒍𝒂𝒔𝒆𝒓𝒔𝒑𝒐𝒕 ∗ 𝑰𝟎 = 𝑰𝒃𝒍𝒂𝒏𝒌                                                                         Equation 6.1 

𝐂𝐉𝐚𝐧𝐮𝐬∗𝐕𝐉𝐚𝐧𝐮𝐬

𝐒𝐉𝐚𝐧𝐮𝐬
∗ 𝐒𝐥𝐚𝐬𝐞𝐫𝐬𝐩𝐨𝐭 ∗ 𝐄 ∗ 𝐈𝟎 = 𝐈𝐉𝐚𝐧𝐮𝐬                                                            Equation 6.2 

Where Nblank is the number of glucose molecules used for thick layer and is 

known, Sblank is the areas of the thick layer on blank SiO2/Si substrate, Slaserspot is the 

spot size of laser for Raman measurement, I0 is the vibrational intensity of single 

glucose molecule, Iblank is for measured Raman intensity on blank SiO2/Si substrate, 

CJanus and VJanus is the concentration and volume dropped on Janus substrate, E is the 

enhancement factor, IJanus is the measure Raman intensity on Janus substrate. 
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Figure 6.5 Raman spectra of solid glucose powder on blank SiO2/Si substrate 

and 10 mM glucose solution dropped on monolayer Janus MoSSe substrate. 

In order to test the Raman enhancement responses with glucose 

concentration, we prepared a series of glucose solution with various concentrations. 

To be consistent, all the samples used here (Janus MoSSe/SiO2/Si substrates) had 

almost same areas, and came from the same batch of synthesis with almost same 

TMDs area coverage everywhere. Figure 6.6 is the Raman responses for various 

glucose concentrations. It was clearly to see the Raman peak intensity increased 

with elevated glucose concentration. We used the C-C stretching peak at 1360 cm-1 

to indicate corresponding glucose concentration, because it had the highest 

sensitivity towards variation in glucose concentration in our test. More importantly, 

the integrated-peak intensity showed linear correction with glucose concentration 
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in the range of 1-10 mM. The integrated-peak intensity began to deviate from the 

linear correction when glucose concentration was higher than 10 mM. This might be 

due to multi-layers of glucose began to adsorb on monolayer Janus MoSSe for high 

concentration solutions.  

 

Figure 6.6 (a) Concentration-dependent Raman spectrum of glucose on 

monolayer Janus MoSSe. (b) The calibration line obtained from the integrated 

peak intensity at 1360 cm-1 in (a). Integrated peak intensity begins to deviate 

from linear projections when concentration is higher than 10 mM. 

In order to understand the interactions between aligned dipoles in 

monolayer Janus MoSSe and adsorbed molecules, DFT was also conducted. Because 

the dipole interactions depend on the adsorption configuration of glucose on 

monolayer Janus MoSSe, three configurations for glucose adsorption were 

considered at first. As shown in Figure 6.7, in the left configuration, the CH2OH 

group of glucose points away from Janus surface; in the middle configuration, the 

CH2OH group of glucose points towards Janus surface; glucose is covalently bonded 

on Janus surface in the right configuration. It was found that the first configuration, 
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in which CH2OH group points away from Janus surface, was the most stable one. 

This stable configuration of glucose adsorption was used for the following 

calculations of charge redistribution and Raman spectra. The calculated out-of-plane 

dipole between top S atoms and bottom Se atoms was as high as + 0.33 eÅ. The 

positive sign here in the dipole of monolayer Janus MoSSe meant its direction was 

pointed out from bottom Se to top S. These strong dipoles in monolayer Janus 

MoSSe redistributed charges in glucose by a proximity effect, which in turn, led to 

polarization of dipole in glucose and enhancement of Raman vibrational intensity. 

As shown in Figure 6.8, the light blue and purple electron cloud density represented 

charge distribution for isolated glucose molecule and adsorbed glucose molecule on 

monolayer Janus MoSSe, respectively. This illustrated that significant amount of 

charges were redistributed in glucose because of a strong surface-molecule 

interaction with monolayer Janus MoSSe. As a result, the dipole of glucose changed 

from -0.05 eÅ to 0.23 eÅ, and corresponding Raman vibrational intensity also 

increased significantly (Figure 6.8b). It is worth to note that different Raman 

vibrational modes showed various enhancement effects. This is because the charge 

redistribution depended on the molecular configuration on Janus surface and as a 

result, the change of dipole moment did not have the same amplitude for all atoms 

or bonds. 
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Figure 6.7 Various configurations of glucose on monolayer Janus. The grey, 

red and white atoms are carbon, oxygen and hydrogen in glucose respectively. 

The yellow, purple and green atoms are sulfur, molybdenum and selenium in 

Janus respectively. (a) the free CH2OH group of glucose pointing away from the 

surface. (b) the free CH2OH group of glucose pointing towards the surface. (c) 

glucose is covalently bonded onto Janus. 

 

Figure 6.8 DFT calculations for the glucose molecule on monolayer Janus 

substrate. (a) Charge distribution in glucose. The light blue and the purple 

regions show the electron cloud distribution in isolated single glucose 

molecule and anchored glucose on monolayer Janus MoSSe, respectively. 
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Their distinguishing shapes indicate the drastic charge redistribution after 

glucose is adsorbed on monolayer Janus MoSSe. (b) Calculated Raman peaks 

for isolated glucose and anchored glucose on Janus MoSSe. 

Attractively, the Raman enhancement effect which originates from strong 

dipole interactions in monolayer Janus is potentially universal to a wide variety of 

biomolecules. This is different with Raman enhancement effect of graphene, in 

which band structures of graphene and probe molecules have to be aligned well for 

effective charge transfer. To test the universality of monolayer Janus for Raman 

enhancement, Raman spectra of dopamine, a hormone functioning as 

neurotransmitter in human brain and body, was also collected with monolayer 

Janus MoSSe as the substrate. As shown in Figure 6.9, two wide and strong peaks 

located at 1451 cm-1 and 1553 cm-1, both of which were identified as C ring 

vibrational modes, were observed clearly in the Raman spectra. Similarly, the strong 

interactions between monolayer Janus and dopamine, redistributed charges, 

polarized dipoles in dopamine and enhanced its Raman vibrational intensity. This 

excellent universality of dipole interaction makes our monolayer Janus substrate 

promising for the detection of complex target containing multiple molecules. 
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Figure 6.9 Enhanced Raman spectra of dopamine on monolayer Janus. 

6.4. Conclusion 

In conclusion, we demonstrated that monolayer Janus MoSSe was an 

effective and universal SERS-active substrate for biomolecules detection. Multiple 

characteristic Raman peaks of adsorbed biomolecules, e.g. glucose and dopamine, 

were clearly observed in their Raman spectra. The strong dipole interactions 

between monolayer Janus and probe molecules redistributed their charge density, 

polarized their dipoles and enhanced their Raman intensity significantly. The 

estimated Raman enhancement factor is about 4*105, which is several magnitudes 

higher than that of other 2D materials. The C-C stretching peak at 1360 cm-1 was 

used to indicate glucose concentration and its integrated-peak intensity increased 

linearly with glucose concentration in the range of 1- 10 mM. Our finding not only 
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provides new insight into the dipole interactions between monolayer Janus TMDs 

and molecules, as well as CM process in SERS, but also paves the way for the future 

applications of SERS-based sensing and detection technique. 
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Chapter 7 

Summary and Outlook 

In this thesis, various structures of 2D materials, including monolayer MoSe2-

WSe2 lateral P-N heterojunction, continuous h-BN films on stainless steel, 

monolayer porous MoS2 and biomolecules sensing with monolayer Janus MoSSe as 

substrate, are synthesized and their properties are investigated. Our results suggest 

that: 

1. Monolayer lateral MoSe2-WSe2 was successfully grown by a one-step CVD 

method. MoSe2 nucleates and grows firstly at the ramping and initial 

stage, followed by epitaxy growth of WSe2 along edges of freshly grown 

MoSe2 to form in-plane heterojunctions. The current rectification ratio of 

our heterojunction is about 1000 without any gate tuning. A strong 

photovoltaic effect is observed for these heterojunctions and a record 

high Voc of 0.72V is achieved. Furthermore, the response time of 
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heterojunction-based photodetector with zero-bias is only about 6ms, 

which is 1000 times faster than devices with single TMDs. 

2. We develop an effective CVD method to grow large-area, high quality, 

uniform and continuous h-BN films directly on industry stainless steel 

substrates. The modulus and hardness of h-BN coating are 215±45 GPa 

and 25.7±10 GPa, respectively, which is several times higher than bare 

stainless steel. Its sliding friction coefficient is only about 0.2 ± 0.1, 

which is about one third of that of bare stainless steel. Furthermore, this 

directly grown h-BN coating is able to protect stainless steel from 

oxidization at high temperature and significantly reduce the corrosion 

current by more than 10 times at both room temperature and high 

temperature and pressure conditions. 

3. A simple and effective method is developed to create multiple triangular 

nanopores on monolayer MoS2 by oxidization at high temperature and 

subsequent selective etching. The average sizes of porous MoS2 are easily 

tunable from 24 to 107 nm by changing oxidization temperature. The 

activation energy for oxidization of S-deficient MoS2 was 0.7 eV, which 

are consistent with theoretical results. Overpotential at 10 mA/cm2 and 

Tafel slope are 0.27 V and 168 mV/dec for porous MoS2, respectively, 

which decrease about 20% and 40% compared with that of pristine MoS2. 

4. Monolayer Janus MoSSe is found to be an effective and universal SERS-

active substrate for biomolecules detection. The strong dipole 
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interactions between monolayer Janus and probe molecules redistribute 

their charge density, polarize their dipoles and enhance their Raman 

intensity significantly. The estimated Raman enhancement factor is about 

4*105, which is several magnitudes higher than that of other 2D materials. 

The C-C stretching peak at 1360 cm-1 was used to indicate glucose 

concentration and its integrated-peak intensity increased linearly with 

glucose concentration in the range of 1- 10 mM. 

The applications of 2D materials are emerging as more 2D materials are explored 

and studied. More specific structures, such as MoS2 nanoribbon and MoS2 nanotubes, 

are highly needed to be explored for novel applications. These structure designs and 

explorations in 2D materials will not only deepen our understanding for 

controllable growth of 2D materials, but also diversify and promote applications of 

2D materials. 

                        



 126 
 

References 

(1)  Novoselov, K. S.; A. K. Geim; S. V. Morozov; D. Jiang; Y. Zhang; S. V. Dubonos; I. 
V. Grigorieva; A. A. Firsov. Electric Field Effect in Atomically Thin Carbon 
Films. Science. 2004, 306, 666–670. 

(2)  A. K. GEIM; Novoselov, K. S. The Rise of Graphene. Nature 2007, 6, 183–191. 

(3)  Stankovich, S.; Dikin, D. A.; Dommett, G. H. B.; Kohlhaas, K. M.; Zimney, E. J.; 
Stach, E. A.; Piner, R. D.; Nguyen, S. T.; Ruoff, R. S. Graphene-Based Composite 
Materials. Nature 2006, 442, 282–286. 

(4)  Bae, S.; Kim, H.; Lee, Y.; Xu, X.; Park, J.; Zheng, Y.; Balakrishnan, J.; Lei, T.; Kim, 
H. R.; Song, Y. Il; et al. Roll-to-Roll Production of 30-Inch Graphene Films for 
Transparent Electrodes. Nat. Nanotech. 2010, 5 , 1–5. 

(5)  Novoselov, K. S.; Jiang, Z.; Zhang, Y.; Morozov, S. V; Stormer, H. L.; Zeitler, U.; 
Maan, J. C.; Boebinger, G. S.; Kim, P.; Geim, A. K. Room-Temperature Quantum 
Hall. Science. 2007, 315, 9–10. 

(6)  Heersche, H. B.; Jarillo-herrero, P.; Oostinga, J. B.; Vandersypen, L. M. K.; 
Morpurgo, A. F. Bipolar Supercurrent in Graphene. Nature 2007, 446, 10–13. 

(7)  Lee, C.; Wei, X.; Kysar, J. W.; Hone, J. Measurement of the Elastic Properties 
and Intrinsic Strength of Monolayer Graphene. Science. 2008, 321, 385–389. 

(8)  Zhang, P.; Ma, L.; Fan, F.; Zeng, Z.; Peng, C.; Loya, P. E.; Liu, Z.; Gong, Y.; Zhang, J.; 
Zhang, X.; et al. Fracture Toughness of Graphene. Nat Commun 2014, 5, 3782. 

(9)  Kim, K. S.; Zhao, Y.; Jang, H.; Lee, S. Y.; Kim, J. M.; Kim, K. S.; Ahn, J.; Kim, P.; Choi, 
J.; Hong, B. H. Large-Scale Pattern Growth of Graphene Films for Stretchable 
Transparent Electrodes. Nature 2009, 457, 1–5. 

(10)  Nair, R. R.; Blake, P.; Grigorenko, A. N.; Novoselov, K. S.; Booth, T. J.; Stauber, T.; 
Peres, N. M. R.; Geim, A. K. Fine Structure Constant Defines Visual 
Transparency of Graphene. Science. 2008, 320, 2–3. 

(11)  Lin, Y.; Dimitrakopoulos, C.; Jenkins, K. A.; Farmer, D. B.; Chiu, H.; Grill, A.; 
Avouris, P. 100-GHz Transistors from Wafer-Scale Epitaxial Graphene. Science. 
2010, 327, 662. 

(12)  Xia, F.; Mueller, T.; Lin, Y.; Valdes-garcia, A.; Avouris, P. Ultrafast Graphene 
Photodetector. Nat. Nanotech. 2009, 4, 839–843. 



 127 
 

(13)  Ju, L.; Geng, B.; Horng, J.; Girit, C.; Martin, M.; Hao, Z.; Bechtel, H. A.; Liang, X.; 
Zettl, A.; Shen, Y. R.; et al. Graphene Plasmonics for Tunable Terahertz 
Metamaterials. Nat. Nanotech 2011, 6, 6–10. 

(14)  Gan, X.; Shiue, R.; Gao, Y.; Meric, I.; Heinz, T. F.; Shepard, K.; Hone, J.; Assefa, S.; 
Englund, D. Chip-Integrated Ultrafast Graphene Photodetector with High 
Responsivity. Nat.Photonics. 2013, 7, 883–887. 

(15)  Zhang, B. Y.; Liu, T.; Meng, B.; Li, X.; Liang, G.; Hu, X.; Wang, Q. J. Broadband 
High Photoresponse from Pure Monolayer Graphene Photodetector. Nat. 
Commun. 2013, 4, 1–11. 

(16)  Dan, Y.; Lu, Y.; Kybert, N. J.; Luo, Z.; Johnson, A. T. C. Intrinsic Response of 
Graphene Vapor Sensors 2009. Nano Lett 2009, 9, 1472–1475. 

(17)  Fowler, J. D.; Allen, Ќ. M. J.; Tung, Ќ. V. C.; Yang, Y.; Kaner, R. B.; Weiller, B. H. 
Practical Chemical Sensors from Chemically Derived Graphene. ACS Nano 
2009, 3, 301–306. 

(18)  Online, V. A.; Sim, U.; Yang, T.; Moon, J.; An, J.; Hwang, J.; Seo, J.; Lee, J.; Kim, K. 
Y.; Lee, J.; et al. N-Doped Monolayer Graphene Catalyst on Silicon 
Photocathode for Hydrogen Production. Energy Environ. Sci. 2013, 6, 3658–
3664. 

(19)  Environ, E.; Huang, C.; Li, C.; Shi, G. Graphene Based Catalysts. Energy Environ. 
Sci. 2012, 5, 8848–8868. 

(20)  Liang, Y. Co3O4 Nanocrystals on Graphene as a Synergistic Catalyst for 
Oxygen Reduction Reaction. Nat. Mater. 2011, 10, 780–786. 

(21)  Han, W.; Kawakami, R. K.; Gmitra, M.; Fabian, J. Graphene Spintronics. Nat. 
Nanotech. 2014, 9, 794–807. 

(22)  Dikin, D. A.; Stankovich, S.; Zimney, E. J.; Piner, R. D.; Dommett, G. H. B.; 
Evmenenko, G.; Nguyen, S. T.; Ruoff, R. S. Preparation and Characterization of 
Graphene Oxide Paper. Nature 2007, 448, 457–460. 

(23)  Tai, G.; Hu, T.; Zhou, Y.; Wang, X.; Kong, J.; Zeng, T.; You, Y.; Wang, Q. Synthesis 
of Atomically Thin Boron Films on Copper Foils. Angew. Chem. Int. Ed. 2015, 
54, 15473–15477. 

(24)  Lu, G.; Wu, T.; Yuan, Q.; Wang, H.; Wang, H.; Ding, F.; Xie, X.; Jiang, M. Synthesis 
of Large Single-Crystal Hexagonal Boron Nitride Grains on Cu–Ni Alloy. Nat. 
Commun. 2015, 6, 6160. 

(25)  Kang, K.; Xie, S.; Huang, L.; Han, Y.; Huang, P. Y.; Mak, K. F.; Kim, C. J.; Muller, D.; 
Park, J. High-Mobility Three-Atom-Thick Semiconducting Films with Wafer-
Scale Homogeneity. Nature 2015, 520, 656–660. 



 128 
 

(26)  Najmaei, S.; Liu, Z.; Zhou, W.; Zou, X.; Shi, G.; Lei, S.; Yakobson, B. I.; Idrobo, J.-C.; 
Ajayan, P. M.; Lou, J. Vapour Phase Growth and Grain Boundary Structure of 
Molybdenum Disulphide Atomic Layers. Nat. Mater. 2013, 12, 754–759. 

(27)  Naylor, C. H.; Parkin, W. M.; Ping, J.; Gao, Z.; Zhou, Y. R.; Kim, Y.; Streller, F.; 
Carpick, R. W.; Rappe, A. M.; Drndić, M.; et al. Monolayer Single-Crystal 1T′-
MoTe2 Grown by Chemical Vapor Deposition Exhibits Weak Antilocalization 
Effect. Nano Lett 2016, 16, 4297–4304. 

(28)  Chen, J.; Liu, B.; Liu, Y.; Tang, W.; Nai, C. T.; Li, L.; Zheng, J.; Gao, L.; Zheng, Y.; 
Shin, H. S.; et al. Chemical Vapor Deposition of Large-Sized Hexagonal WSe 2 
Crystals on Dielectric Substrates. Adv. Mater. 2015, 27, 6722–6727. 

(29)  Li, L.; Yu, Y.; Ye, G. J.; Ge, Q.; Ou, X.; Wu, H.; Feng, D.; Chen, X. H.; Zhang, Y. Black 
Phosphorus Field-Effect Transistors. Nat. Nanotech 2014, 9, 372–377. 

(30)  Ghidiu, M.; Lukatskaya, M. R.; Zhao, M.-Q.; Gogotsi, Y.; Barsoum, M. W. 
Conductive Two-Dimensional Titanium Carbide ‘Clay’ with High Volumetric 
Capacitance. Nature 2014, 516, 78-81. 

(31)  Novoselov, K. S.; Geim, A. K.; Morozov, S. V; Jiang, D.; Katsnelson, M. I.; 
Grigorieva, I. V; Dubonos, S. V. Two-Dimensional Gas of Massless Dirac 
Fermions in Graphene. Science. 2005, 438 , 197–200. 

(32)  Ekuma, C. E.; Gunlycke, D. First-Principles-Based Method for Electron 
Localization : Application to Monolayer Hexagonal Boron Nitride. Phy. Rev. 
Lett. 2017, 106404, 1–5. 

(33)  Mak, K. F.; Mcgill, K. L.; Park, J.; Mceuen, P. L. The Valley Hall Effect in MoS 2 
Transistors. Science. 2014, 344, 75–79. 

(34)  Eda, G.; Yamaguchi, H.; Voiry, D.; Fujita, T.; Chen, M.; Chhowalla, M. 
Photoluminescence from Chemically Exfoliated MoS 2. Nano Lett 2011, 11, 
5111–5116. 

(35)  Lopez-Sanchez, O.; Alarcon Llado, E.; Koman, V.; Fontcuberta I Morral, A.; 
Radenovic, A.; Kis, A. Light Generation and Harvesting in a van Der Waals 
Heterostructure. ACS Nano 2014, 8, 3042–3048. 

(36)  Lopez-Sanchez, O.; Lembke, D.; Kayci, M.; Radenovic, A.; Kis, A. Ultrasensitive 
Photodetectors Based on Monolayer MoS2. Nat. Nanotechnol. 2013, 8, 497–
501. 

(37)  Yang, W.; Shang, J.; Wang, J.; Shen, X.; Cao, B.; Peimyoo, N.; Zou, C.; Chen, Y.; 
Wang, Y.; Cong, C.; et al. Electrically Tunable Valley-Light Emitting Diode 
(VLED) Based on CVD-Grown Monolayer WS2. Nano Lett 2016, 16, 1560–
1567. 



 129 
 

(38)  Cheng, R.; Li, D.; Zhou, H.; Wang, C.; Yin, A.; Jiang, S.; Liu, Y.; Chen, Y.; Huang, Y.; 
Duan, X. Electroluminescence and Photocurrent Generation from Atomically 
Sharp WSe2/MoS2 Heterojunction p-n Diodes. Nano Lett 2014, 14, 5590–
5597. 

(39)  Li, Z.; Meng, X.; Zhang, Z. Recent Development on MoS 2 -Based Photocatalysis : 
A Review Journal of Photochemistry and Photobiology C : Photochemistry 
Reviews Recent Development on MoS 2 -Based Photocatalysis : A Review. J. 
Photochem. Photobiol. C 2018, 35, 39–55. 

(40)  Meng, L.; Wang, Y.; Zhang, L.; Du, S.; Wu, R.; Li, L.; Zhang, Y. Buckled Silicene 
Formation on Ir(111). Nano Lett 2013, 111, 685–690. 

(41)  Li, L.; Lu, S.; Pan, J.; Qin, Z.; Wang, Y.; Wang, Y. Buckled Germanene Formation 
on Pt ( 111 ). Adv. Mater. 2014, 26, 4820–4824. 

(42)  Zhu, F. F.; Chen, W. J.; Xu, Y.; Gao, C. L.; Guan, D. D.; Liu, C. H.; Qian, D.; Zhang, S. 
C.; Jia, J. F. Epitaxial Growth of Two-Dimensional Stanene. Nat. Mater. 2015, 
14, 1020–1025. 

(43)  Ribeiro, H. B.; Pimenta, M. A.; De Matos, C. J. S.; Moreira, R. L.; Rodin, A. S.; 
Zapata, J. D.; De Souza, E. A. T.; Castro Neto, A. H. Unusual Angular Dependence 
of the Raman Response in Black Phosphorus. ACS Nano 2015, 9, 4270–4276. 

(44)  Zhang, S.; Yang, J.; Xu, R.; Wang, F.; Li, W.; Ghufran, M.; Zhang, Y. W.; Yu, Z.; 
Zhang, G.; Qin, Q.; et al. Extraordinary Photoluminescence and Strong 
Temperature/Angle-Dependent Raman Responses in Few-Layer Phosphorene. 
ACS Nano 2014, 8, 9590–9596. 

(45)  Lukatskaya, M. R.; Kota, S.; Lin, Z.; Zhao, M.; Shpigel, N.; Levi, M. D.; Halim, J.; 
Taberna, P.; Barsoum, M. W.; Simon, P. Ultra-High-Rate Pseudocapacitive 
Energy Storage in Two-Dimensional Transition Metal Carbides. Nat. Energy. 
2017, 17105 , 1–6. 

(46)  Radisavljevic, B.; Radenovic, A.; Brivio, J.; Giacometti, V.; Kis, A. Single-Layer 
MoS2 Transistors. Nat. Nanotechnol. 2011, 6, 147–150. 

(47)  Related, P. S. Two-Dimensional Crystals-Based Heterostructures : Materials 
with Tailored Properties. Phys. Scr. 2012, T146, 014006. 

(48)  Hernandez, Y.; Nicolosi, V.; Lotya, M.; Blighe, F. M.; Sun, Z.; De, S.; Mcgovern, I. 
T.; Holland, B.; Byrne, M.; Ko, Y. K. G. U. N.; et al. High-Yield Production of 
Graphene by Liquid-Phase Exfoliation of Graphite. Nature 2008, 3, 563–568. 

(49)  Coleman, J. N.; Lotya, M.; Neill, A. O.; Bergin, S. D.; King, P. J.; Khan, U.; Young, K.; 
Gaucher, A.; De, S.; Smith, R. J.; et al. Two-Dimensional Nanosheets Produced 
by Liquid Exfoliation of Layered Materials. Science. 2011, 331, 568–572. 



 130 
 

(50)  Lee, K.; Kim, H.; Lotya, M.; Coleman, J. N.; Kim, G.; Duesberg, G. S. Electrical 
Characteristics of Molybdenum Disulfi de Flakes Produced by Liquid 
Exfoliation. Adv. Mater. 2011, 23, 4178–4182. 

(51)  Hanlon, D.; Backes, C.; Doherty, E.; Cucinotta, C. S.; Berner, N. C.; Boland, C.; 
Lee, K.; Harvey, A.; Lynch, P.; Gholamvand, Z.; et al. Liquid Exfoliation of 
Solvent-Stabilized Few-Layer Black Phosphorus for Applications beyond 
Electronics. Nat. Commun. 2015, 6, 8563. 

(52)  Zhao, W.; Tan, P. H.; Liu, J.; Ferrari, A. C. Intercalation of Few-Layer Graphite 
Flakes with FeCl 3 : Raman Determination of Fermi Level, Layer by Layer 
Decoupling, and Stability. J. Am. Chem. Soc. 2011, 133, 5941–5946. 

(53)  Voiry, D.; Salehi, M.; Silva, R.; Fujita, T.; Chen, M.; Asefa, T.; Shenoy, V. B.; Eda, 
G.; Chhowalla, M. Conducting MoS(2) Nanosheets as Catalysts for Hydrogen 
Evolution Reaction. Nano Lett 2013, 13, 6222–6227. 

(54)  Nicolosi, V.; Chhowalla, M.; Kanatzidis, M. G.; Strano, M. S.; Coleman, J. N. 
Liquid Exfoliation of Layered Materials Liquid Exfoliation of Layered 
Materials. Nat. Nanotech. 2013, 340, 72–75. 

(55)  Li, X.; Cai, W.; An, J.; Kim, S.; Nah, J.; Yang, D.; Colombo, L.; Ruoff, R. S. Large-
Area Synthesis of High-Quality and Uniform Graphene Films on Copper Foils. 
Science. 2009, 3893 , 1312–1315. 

(56)  Seung, B.; Chae, J.; Gu, F.; Kim, K. K.; Kim, E. S.; Han, H.; Kim, S. M.; Shin, H.; 
Yoon, S.; Choi, J.; et al. Synthesis of Large-Area Graphene Layers on Poly-
Nickel Substrate by Chemical Vapor Deposition : Wrinkle Formation. Adv. 
Mater. 2009, 21, 2328–2333. 

(57)  Chen, J.; Zhao, X.; Tan, S. J. R.; Xu, H.; Wu, B.; Liu, B.; Fu, D.; Fu, W.; Geng, D.; Liu, 
Y.; et al. Chemical Vapor Deposition of Large-Size Monolayer MoSe2 Crystals 
on Molten Glass. J. Am. Chem. Soc. 2017, 139, 1073–1076. 

(58)  Ji, Q.; Kan, M.; Zhang, Y.; Guo, Y.; Shi, J.; Sun, Q.; Chen, Q.; Zhang, Y.; Liu, Z. 
Unravelling Orientation Distribution and Merging Behavior of Monolayer MoS 
2 Domains on Sapphire. Nano Lett 2015, 15, 198–205. 

(59)  Chang, Y.; Zhang, O. W.; Zhu, O. Y.; Han, Y.; Pu, J.; Chang, J.; Hsu, W. Monolayer 
MoSe 2 Grown by Chemical Vapor Deposition for Fast Photodetection. ACS 
Nano 2014, 8, 8582–8590. 

(60)  Rong, Y.; Fan, Y.; Leen Koh, A.; Robertson, A. W.; He, K.; Wang, S.; Tan, H.; 
Sinclair, R.; Warner, J. H. Controlling Sulphur Precursor Addition for Large 
Single Crystal Domains of WS2. Nanoscale 2014, 6, 12096–12103. 

(61)  Large-Area and High-Quality 2D Transition Metal Telluride. Adv. Mater. 2017, 
29, 1603471. 



 131 
 

(62)  Wang, H.; Huang, X.; Lin, J.; Cui, J.; Chen, Y.; Zhu, C.; Liu, F.; Zeng, Q.; Zhou, J.; Yu, 
P.; et al. High-Quality Monolayer Superconductor NbSe2 Grown by Chemical 
Vapour Deposition. Nat. Commun. 2017, 8, 394. 

(63)  Polarization, N. V.; Wu, S.; Huang, C.; Aivazian, G.; Ross, J. S.; Cobden, D. H. 
Vapor Solid Growth of High Optical Quality MoS 2 Monolayers With. ACS Nano 
2013, 3, 2768–2772. 

(64)  Song, J.; Park, J.; Lee, W.; Choi, T.; Jung, H.; Lee, C. W.; Hwang, S.; Myoung, J. M.; 
Jung, J.; Kim, S.; et al. Conformal Synthesis of Tungsten Disul Fi de Nanosheets 
Using Atomic Layer Deposition. ACS Nano 2013, 7, 11333–11340. 

(65)  Wang, X.; Feng, H.; Wu, Y.; Jiao, L. Controlled Synthesis of Highly Crystalline 
MoS2 Flakes by Chemical Vapor Deposition. J. Am. Chem. Soc. 2013, 135, 
5304–5307. 

(66)  Concerning, D.; New, T.; Crew, H.; Salvio, A. De; Jackman, T. R.; Larson, A.; 
Queiroz, K.; Protas, M.; Grant, B. R.; Grant, P. R.; et al. Field Effect Tunneling 
Transistor Based on Vertical Graphene Heterostructures. Science. 2012, 335, 
947–951. 

(67)  Cheng, R.; Bai, J.; Liao, L.; Zhou, H.; Chen, Y.; Liu, L.; Lin, Y.; Jiang, S.; Huang, Y. 
High Frequency Self Aligned Graphene Transistors with with Transferred 
Gate Stacks. Proc. Nat. Aca. Sci. 2012, 109, 11588–11592. 

(68)  Butler, S. Z.; Hollen, S. M.; Cao, L.; Cui, Y.; Gupta, J. A.; Gutiérrez, H. R.; Heinz, T. 
F.; Hong, S. S.; Huang, J.; Ismach, A. F.; et al. Progress, Challenges, and 
Opportunities in Two-Dimensional Materials beyond Graphene. ACS Nano 
2013, 7, 2898–2926. 

(69)  Duan, X.; Wang, C.; Pan, A.; Yu, R.; Duan, X. Two-Dimensional Transition Metal 
Dichalcogenides as Atomically Thin Semiconductors: Opportunities and 
Challenges. Chem. Soc. Rev. 2015, 44, 8859–8876. 

(70)  Withers, F.; Del Pozo-Zamudio, O.; Mishchenko, A.; Rooney, A. P.; Gholinia, A.; 
Watanabe, K.; Taniguchi, T.; Haigh, S. J.; Geim, A. K.; Tartakovskii, A. I.; et al. 
Light-Emitting Diodes by Band-Structure Engineering in van Der Waals 
Heterostructures. Nat. Mater. 2015, 14, 301–306. 

(71)  Rivera, P.; Schaibley, J. R.; Jones, A. M.; Ross, J. S.; Wu, S.; Aivazian, G.; Klement, 
P.; Seyler, K.; Clark, G.; Ghimire, N. J.; et al. Observation of Long-Lived 
Interlayer Excitons in Monolayer MoSe2–WSe2 Heterostructures. Nat. 
Commun. 2015, 6, 6242. 

(72)  Rivera, P.; Seyler, K. L.; Yu, H.; Schaibley, J. R.; Yan, J.; Mandrus, D. G.; Yao, W.; 
Xu, X. Valley-Polarized Exciton Dynamics in a 2D Semiconductor 
Heterostructure. Science. 2016, 351, 688–691. 



 132 
 

(73)  Novoselov, K. S.; Mishchenko, A.; Carvalho, A.; Castro Neto, A. H. 2D Materials 
and van Der Waals Heterostructures. Science. 2016, 353, aac9439. 

(74)  Lee, C. H.; Lee, G. H.; van der Zande, A. M.; Chen, W.; Li, Y.; Han, M.; Cui, X.; 
Arefe, G.; Nuckolls, C.; Heinz, T. F.; et al. Atomically Thin P-n Junctions with 
van Der Waals Heterointerfaces. Nat. Nanotechnol. 2014, 9, 676–681. 

(75)  Gopinadhan, K.; Shin, Y. J.; Jalil, R.; Venkatesan, T.; Geim, A. K.; Neto, A. H. C.; 
Yang, H. Extremely Large Magnetoresistance in Few-Layer Graphene/Boron–
Nitride Heterostructures. Nat. Commun. 2015, 6, 8337. 

(76)  Kang, K.; Lee, K.-H.; Han, Y.; Gao, H.; Xie, S.; Muller, D. A.; Park, J. Layer-by-
Layer Assembly of Two-Dimensional Materials into Wafer-Scale 
Heterostructures. Nature 2017, 1–5. 

(77)  Jaramillo, T. F.; Jorgensen, K. P.; Bonde, J.; Nielsen, J. H.; Horch, S.; 
Chorkendorff, I. Identification of Active Edge Sites for Electrochemical H2 
Evolution from MoS2 Nanocatalysts. Science. 2007, 317, 100–102. 

(78)  Voiry, D.; Yamaguchi, H.; Li, J.; Silva, R.; Alves, D. C. B.; Fujita, T.; Chen, M.; Asefa, 
T.; Shenoy, V. B.; Eda, G.; et al. Enhanced Catalytic Activity in Strained 
Chemically Exfoliated WS2 Nanosheets for Hydrogen Evolution. Nat. Mater. 
2013, 12, 850–855. 

(79)  Li, H.; Tsai, C.; Koh, A. L.; Cai, L.; Contryman, A. W.; Fragapane, A. H.; Zhao, J.; 
Han, H. S.; Manoharan, H. C.; Abild-Pedersen, F.; et al. Activating and 
Optimizing MoS2 Basal Planes for Hydrogen Evolution through the Formation 
of Strained Sulphur Vacancies. Nat. Mater. 2016, 15, 48–53. 

(80)  Deng, D.; Novoselov, K. S.; Fu, Q.; Zheng, N.; Tian, Z.; Bao, X. Catalysis with 
Two-Dimensional Materials and Their Heterostructures. Nat. Nanotechnol. 
2016, 11, 218–230. 

(81)  Fang, Y.; Lv, Y.; Gong, F.; Elzatahry, A. A.; Zheng, G. Synthesis of 2D-
Mesoporous-Carbon / MoS 2 Heterostructures with Well-Defined Interfaces 
for High-Performance Lithium-Ion Batteries. Adv. Mater. 2016, 28, 9385–9390. 

(82)  Biosensors, G. L.; Sarkar, D.; Liu, W.; Xie, X.; Anselmo, A. C.; Mitragotri, S.; 
Banerjee, K. MoS2 Field-Effect Transistor for Next-Generation Label-Free 
Biosensors. ACS Nano 2014, 8, 3992–4003. 

(83)  Heerema, S. J.; Dekker, C. Graphene Nanodevices for DNA Sequencing. Nat. 
Nanotechnol. 2016, 11, 127–136. 

(84)  Garaj, S.; Hubbard, W.; Reina, A.; Kong, J.; Branton, D.; Golovchenko, J. A. 
Graphene as a Subnanometre Trans-Electrode Membrane. Nature 2010, 467, 
190–193. 



 133 
 

(85)  Traversi, F.; Raillon, C.; Benameur, S. M.; Liu, K.; Khlybov, S.; Tosun, M.; 
Krasnozhon, D.; Kis, A.; Radenovic, A. Detecting the Translocation of DNA 
through a Nanopore Using Graphene Nanoribbons. Nat. Nanotechnol. 2013, 8, 
939–945. 

(86)  Heiranian, M.; Farimani, A. B.; Aluru, N. R. Water Desalination with a Single-
Layer MoS2 Nanopore. Nat. Commun. 2015, 6, 1–6. 

(87)  Feng, J.; Graf, M.; Liu, K.; Ovchinnikov, D.; Dumcenco, D.; Heiranian, M.; 
Nandigana, V.; Aluru, N. R.; Kis, A.; Radenovic, A. Single-Layer MoS2 
Nanopores as Nanopower Generators. Nature 2016, 536, 197–200. 

(88)  Liu, Z.; Gong, Y.; Zhou, W.; Ma, L.; Yu, J.; Idrobo, J. C.; Jung, J.; Macdonald, A. H.; 
Vajtai, R.; Lou, J.; et al. Ultrathin Higherature Oxidation-Resistant Coatings of 
Hexagonal Boron Nitride. Nat. Commun. 2013, 4, 1–8. 

(89)  Kinloch, I. A.; Suhr, J.; Lou, J.; Young, R. J.; Ajayan, P. M. Composites with 
Carbon Nanotubes and Graphene: An Outlook. Science. 2018, 553, 547–553. 

(90)  Ehrenfreund, P.; Foing, B. H. Fullerenes and Cosmic Carbon. Science. 2010, 
329, 1159–1161. 

(91)  Fasolino, A.; Katsnelson, M. I. Intrinsic Ripples in Graphene. Nature 2007, 6, 
858–861. 

(92)  Xu, P.; Barber, S. D.; Schoelz, J. K.; Ackerman, M. L.; Thibado, P. M.; Sadeghi, A.; 
Peeters, F. M. Unusual Ultra-Low-Frequency Fluctuations in Freestanding 
Graphene. Nat. Commun. 2014, 5, 1–7. 

(93)  Ma, T.; Ren, W.; Liu, Z.; Huang, L.; Ma, L.; Ma, X.; Zhang, Z. Repeated Growth À 
Etching À Regrowth Crystal Graphene by Chemical Vapor Deposition. ACS 
Nano 2014, No. 12, 12806–12813. 

(94)  Germanium, H.; Lee, J.; Lee, E. K.; Joo, W.; Jang, Y.; Kim, B.; Lim, J. Y.; Choi, S.; 
Ahn, S. J.; Ahn, J. R.; et al. Wafer-Scale Growth of Single-Crystal Monolayer 
Graphene on Reusable Hydrogen-Terminated Germanium. Science. 2014, 344, 
286–290. 

(95)  Zhao, S.; Wang, H.; Zhou, Y.; Liao, L.; Jiang, Y.; Yang, X.; Chen, G.; Lin, M.; Wang, 
Y.; Peng, H.; et al. Controlled Synthesis of Single-Crystal SnSe Nanoplates. 
Nano Res. 2015, 8, 288–295. 

(96)  Lu, Y.; Lo, S.; Lin, J.; Zhang, W.; Lu, J.; Liu, F.; Tseng, C.; Lee, Y.; Liang, C.; Li, L.; et 
al. Nitrogen-Doped Graphene Sheets Grown by Chemical Vapor Deposition : 
Synthesis and In Fl Uence of Nitrogen Impurities on Carrier Transport. ACS 
Nano 2013, No. 8, 6522–6532. 



 134 
 

(97)  Duan, X.; Wang, C.; Fan, Z.; Hao, G.; Kou, L.; Halim, U.; Li, H.; Wu, X.; Wang, Y.; 
Jiang, J.; et al. Synthesis of WS2xSe2-2x Alloy Nanosheets with Composition-
Tunable Electronic Properties. Nano Lett 2016, 16, 264–269. 

(98)  Yang, L.; Fu, Q.; Wang, W.; Huang, J.; Huang, J.; Zhang, J.; Xiang, B. Large-Area 
Synthesis of Monolayered MoS(2(1-x))Se(2x) with a Tunable Band Gap and Its 
Enhanced Electrochemical Catalytic Activity. Nanoscale 2015, 7, 10490–
10497. 

(99)  Geim, A. K.; Grigorieva, I. V. Van Der Waals Heterostructures. Nature 2013, 
499, 419–425. 

(100)  Dai, S.; Ma, Q.; Liu, M. K.; Andersen, T.; Fei, Z.; Gold, M. D.; Wagner, M.; 
Watanabe, K.; Taniguchi, T.; Thiemens, M.; et al. Graphene on Hexagonal 
Boron Nitride as a Tunable Hyperbolic Metamaterial. Nat. Nanotechnol. 2015, 
10, 682–686. 

(101)  Walters, R. J.; Bourianoff, G. I.; Atwater, H. A. Field-Effect Electroluminescence 
in Silicon Nanocrystals. Nat. Mater. 2005, 4, 143–146. 

(102)  Carnevale, S. D.; Kent, T. F.; Phillips, P. J.; Mills, M. J.; Rajan, S.; Myers, R. C. 
Polarization-Induced Pn Diodes in Wide-Band-Gap Nanowires with 
Ultraviolet Electroluminescence. Nano Lett. 2012, 12, 915–920. 

(103)  Wang, C.; Hwang, D.; Yu, Z.; Takei, K.; Park, J.; Chen, T.; Ma, B.; Javey, A. User-
Interactive Electronic Skin for Instantaneous Pressure Visualization. Nat. 
Mater. 2013, 12, 899–904. 

(104)  Chortos, A.; Liu, J.; Bao, Z. Pursuing Prosthetic Electronic Skin. Nat. Mater. 
2016, 15, 937–950. 

(105)  Jia, S.; Sun, H. D.; Du, J. H.; Zhang, Z. K.; Zhang, D. D.; Ma, L. P.; Chen, J. S.; Ma, D. 
G.; Cheng, H. M.; Ren, W. C. Graphene Oxide/Graphene Vertical 
Heterostructure Electrodes for Highly Efficient and Flexible Organic Light 
Emitting Diodes. Nanoscale 2016, 8 , 10714–10723. 

(106)  Sarkar, D.; Xie, X.; Liu, W.; Cao, W.; Kang, J.; Gong, Y.; Kraemer, S.; Ajayan, P. M.; 
Banerjee, K. A Subthermionic Tunnel Field-Effect Transistor with an 
Atomically Thin Channel. Nature 2015, 526, 91–95. 

(107)  Amani, M.; Lien, D.; Kiriya, D.; Xiao, J.; Azcatl, A.; Noh, J.; Madhvapathy, S. R.; 
Addou, R.; Kc, S.; Dubey, M.; et al. Near-Unity Photoluminescence Quantum 
Yield in MoS 2. Science. 2015, 350, 1–5. 

(108)  Ross, J. S.; Klement, P.; Jones, A. M.; Ghimire, N. J.; Yan, J.; Mandrus, D. G.; 
Taniguchi, T.; Watanabe, K.; Kitamura, K.; Yao, W.; et al. Electrically Tunable 
Excitonic Light-Emitting Diodes Based on Monolayer WSe2 p-n Junctions. Nat. 
Nanotechnol. 2014, 9, 268–272. 



 135 
 

(109)  Gong, Y.; Lin, J.; Wang, X.; Shi, G.; Lei, S.; Lin, Z.; Zou, X.; Ye, G.; Vajtai, R.; 
Yakobson, B. I.; et al. Vertical and In-Plane Heterostructures from WS2/MoS2 
Monolayers. Nat. Mater. 2014, 13, 1135–1142. 

(110) Duan, X.; Wang, C.; Shaw, J. C.; Cheng, R.; Chen, Y.; Li, H.; Wu, X.; Tang, Y.; Zhang, 
Q.; Pan, A.; et al. Lateral Epitaxial Growth of Two-Dimensional Layered 
Semiconductor Heterojunctions. Nat. Nanotechnol. 2014, 9, 1024–1030. 

(111)  Li, M.-Y.; Shi, Y.; Cheng, C.-C.; Lu, L.-S.; Lin, Y.-C.; Tang, H.-L.; Tsai, M.-L.; Chu, C.-
W.; Wei, K.-H.; He, J.-H.; et al. Epitaxial Growth of a Monolayer WSe2-MoS2 
Lateral p-n Junction with an Atomically Sharp Interface. Science. 2015, 349, 
524–528. 

(112)  Li, H.-M.; Lee, D.; Qu, D.; Liu, X.; Ryu, J.; Seabaugh, A.; Yoo, W. J. Ultimate Thin 
Vertical p–n Junction Composed of Two-Dimensional Layered Molybdenum 
Disulfide. Nat. Commun. 2015, 6, 6564. 

(113)  Fl??ry, N.; Jain, A.; Bharadwaj, P.; Parzefall, M.; Taniguchi, T.; Watanabe, K.; 
Novotny, L. A WSe2/MoSe2 Heterostructure Photovoltaic Device. Appl. Phys. 
Lett. 2015, 107, 2–6. 

(114)  Furchi, M. M.; Pospischil, A.; Libisch, F.; Burgdorfer, J.; Mueller, T. Photovoltaic 
Effect in an Electrically Tunable van Der Waals Heterojunction. Nano Lett 
2014, 14, 4785–4791. 

(115)  Li, X.; Lin, M.; Lin, J.; Huang, B.; Puretzky, A. A.; Ma, C.; Wang, K.; Zhou, W.; 
Pantelides, S. T.; Chi, M.; et al. Two-Dimensional GaSe / MoSe 2 Misfit Bilayer 
Heterojunctions by van Der Waals Epitaxy. Sci. Adv. 2016, 2, e1501882. 

(116)  Deng, Y.; Luo, Z.; Conrad, N. J.; Liu, H.; Gong, Y.; Najmaei, S.; Ajayan, P. M.; Lou, 
J.; Xu, X.; Ye, P. D. Black Phosphorus-Monolayer MoS2 van Der Waals 
Heterojunction p-n Diode. ACS Nano 2014, 8, 8292–8299. 

(117)  Wang, F.; Wang, Z.; Xu, K.; Wang, F.; Wang, Q.; Huang, Y.; Yin, L.; He, J. Tunable 
GaTe-MoS2 van Der Waals p-n Junctions with Novel Optoelectronic 
Performance. Nano Lett 2015, 15, 7558–7566. 

(118)  Chen, K.; Wan, X.; Wen, J.; Xie, W.; Kang, Z.; Zeng, X.; Chen, H.; Xu, J. Bin. 
Electronic Properties of MoS2-WS2 Heterostructures Synthesized with Two-
Step Lateral Epitaxial Strategy. ACS Nano 2015, 9, 9868–9876. 

(119) Gong, Y.; Lei, S.; Ye, G.; Li, B.; He, Y.; Keyshar, K.; Zhang, X.; Wang, Q.; Lou, J.; Liu, 
Z.; et al. Two-Step Growth of Two-Dimensional 
WSe<inf>2</Inf>/MoSe<inf>2</Inf> Heterostructures. Nano Lett 2015, 15 
(9), 6135–6141. 



 136 
 

(120)  Pospischil, A.; Furchi, M. M.; Mueller, T. Solar-Energy Conversion and Light 
Emission in an Atomic Monolayer p–n Diode. Nat. Nanotechnol. 2014, 9 (4), 
257–261. 

(121)  Huang, C.; Wu, S.; Sanchez, A. M.; Peters, J. J. P.; Beanland, R.; Ross, J. S.; Rivera, 
P.; Yao, W.; Cobden, D. H.; Xu, X. Lateral Heterojunctions within Monolayer 
MoSe2–WSe2 Semiconductors. Nat. Mater. 2014, 13, 1096–1101. 

(122)  Liu, Y.; Stradins, P.; Wei, S.-H. Van Der Waals Metal-Semiconductor Junction: 
Weak Fermi Level Pinning Enables Effective Tuning of Schottky Barrier. Sci. 
Adv. 2016, 2, e1600069–e1600069. 

(123)  Li, B.; Gong, Y.; Hu, Z.; Brunetto, G.; Yang, Y.; Ye, G.; Zhang, Z.; Lei, S.; Jin, Z.; 
Bianco, E.; et al. Solid–Vapor Reaction Growth of Transition-Metal 
Dichalcogenide Monolayers. Angew. Chem. Int. Ed. 2016, 55, 10656–10661. 

(124)  Rand, B. P.; Genoe, J.; Heremans, P.; Poortmans, J. Solar Cells Utilizing Small 
Molecular Weight Organic Semiconductors. Prog. Photovolt Res. Appl. 2007, 
15 , 659–676. 

(125)  Beal, A. R.; Knights, J. C.; Liang, W. Y. Transmission Spectra of Some Transition 
Metal Dichalcogenides. II. Group VIA: Trigonal Prismatic Coordination. J. Phys. 
C Solid State Phys. 1972, 5, 3540–3551. 

(126)  Dwivedi, D.; Lepková, K.; Becker, T. Carbon Steel Corrosion: A Review of Key 
Surface Properties and Characterization Methods. RSC Adv. 2017, 7, 4580–
4610. 

(127)  Panossian, Z.; Almeida, N. L. de; de Sousa, R. M. F.; Pimenta, G. de S.; Marques, 
L. B. S. Corrosion of Carbon Steel Pipes and Tanks by Concentrated Sulfuric 
Acid: A Review. Corros. Sci. 2012, 58, 1–11. 

(128)  Finšgar, M.; Jackson, J. Application of Corrosion Inhibitors for Steels in Acidic 
Media for the Oil and Gas Industry: A Review. Corros. Sci. 2014, 86, 17–41. 

(129)  Walsh, F. C.; Kear, G.; Nahlé, A. H.; Wharton, J. A.; Arenas, L. F. The Rotating 
Cylinder Electrode for Studies of Corrosion Engineering and Protection of 
Metals—An Illustrated Review. Corros. Sci. 2017, 123, 1–20. 

(130)  Kim, S. M.; Hsu, A.; Park, M. H.; Chae, S. H.; Yun, S. J.; Lee, J. S.; Cho, D. H.; Fang, 
W.; Lee, C.; Palacios, T.; et al. Synthesis of Large-Area Multilayer Hexagonal 
Boron Nitride for High Material Performance. Nat. Commun. 2015, 6, 8662. 

(131)  Liu, Z.; Ma, L.; Shi, G.; Zhou, W.; Gong, Y.; Lei, S.; Yang, X.; Zhang, J.; Yu, J.; 
Hackenberg, K. P.; et al. In-Plane Heterostructures of Graphene and Hexagonal 
Boron Nitride with Controlled Domain Sizes. Nat. Nanotech 2013, 8, 119–124. 



 137 
 

(132)  Britnell, L.; Gorbachev, R. V; Jalil, R.; Belle, B. D.; Schedin, F.; Katsnelson, M. I.; 
Eaves, L.; Morozov, S. V; Mayorov, A. S.; Peres, N. M.; et al. Electron Tunneling 
through Ultrathin Boron Nitride Crystalline Barriers. Nano Lett 2012, 12, 
1707–1710. 

(133)  Lu, G.; Wu, T.; Yang, P.; Yang, Y.; Jin, Z.; Chen, W.; Jia, S.; Wang, H.; Zhang, G.; 
Sun, J.; et al. Synthesis of High-Quality Graphene and Hexagonal Boron Nitride 
Monolayer In-Plane Heterostructure on Cu-Ni Alloy. Adv. Sci. 2017, 4, 1–7. 

(134)  Ilman, M.; Chua, H.; Fadzli, M.; Abdollah, B.; Amiruddin, H.; Tamaldin, N.; 
Rashid, N.; Nuri, M. M Echanics I Ndustry The Potential of HBN Nanoparticles 
as Friction Modifier and Antiwear Additive in Engine Oil. Mech. Ind. 2016, 104, 
1–6. 

(135)  Li, L. H.; Xing, T.; Chen, Y.; Jones, R. Boron Nitride Nanosheets for Metal 
Protection. Adv. Mater. Interface 2014, 1, 1–6. 

(136)  Mahvash, F.; Eissa, S.; Bordjiba, T.; Tavares, A. C.; Szkopek, T.; Siaj, M. 
Corrosion Resistance of Monolayer Hexagonal Boron Nitride on Copper. Sci. 
Rep. 2017, 7, 1–5. 

(137)  Husain, E.; Narayanan, T. N.; Taha-Tijerina, J. J.; Vinod, S.; Vajtai, R.; Ajayan, P. 
M. Marine Corrosion Protective Coatings of Hexagonal Boron Nitride Thin 
Films on Stainless Steel. ACS Appl. Mater. Interface 2013, 5, 4129–4135. 

(138)  Hao, Y.; Bharathi, M. S.; Wang, L.; Liu, Y.; Chen, H.; Nie, S.; Wang, X.; Chou, H.; 
Tan, C.; Fallahazad, B.; et al. The Role of Surface Oxygen in the Growth of Large 
Single-Crystal Graphene on Copper. Science. 2013, 342, 720–724. 

(139)  Ho, Y. S.; McKay, G. Pseudo-Second Order Model for Sorption Processes. Proc. 
Biochem. 1999, 34, 451–465. 

(140)  Kuang, W.; Wu, X.; Han, E. H. The Oxidation Behaviour of 304 Stainless Steel in 
Oxygenated High Temperature Water. Corros. Sci. 2010, 52, 4081–4087. 

(141)  Du, D.; Chen, K.; Lu, H.; Zhang, L.; Shi, X.; Xu, X.; Andresen, P. L. Effects of 
Chloride and Oxygen on Stress Corrosion Cracking of Cold Worked 316/316L 
Austenitic Stainless Steel in High Temperature Water. Corros. Sci. 2016, 110, 
134–142. 

(142)  Zanotto, F.; Grassi, V.; Balbo, A.; Monticelli, C.; Zucchi, F. Stress Corrosion 
Cracking of LDX 2101® Duplex Stainless Steel in Chloride Solutions in the 
Presence of Thiosulphate. Corros. Sci. 2014, 80, 205–212. 

(143) Deng, J.; Li, H.; Wang, S.; Ding, D.; Chen, M.; Liu, C.; Tian, Z.; Novoselov, K. S.; Ma, 
C.; Deng, D.; et al. Multiscale Structural and Electronic Control of Molybdenum 
Disulfide Foam for Highly Efficient Hydrogen Production. Nat Commun 2017, 
8, 14430. 



 138 
 

(144)  Wang, Z.; Yan, T.; Fang, J.; Shi, L.; Zhang, D. Nitrogen-Doped Porous Carbon 
Derived from Bimetallic Metal-Organic Framework as Highly Efficient 
Electrodes for Flow-through Deionization Capacitors. J. Mater. Chem. A 2016, 
4, 10858–10868. 

(145)  Xu, L.; Xie, S.; Du, J.; He, N. Porous Magnetic Pseudo-Carbon Paste Electrode 
Electrochemical Biosensor for DNA Detection. J. Nanosci. Nanotechnol. 2017, 
17 (1), 238–243. 

(146)  Koenig, S. P.; Wang, L.; Pellegrino, J.; Bunch, J. S. Selective Molecular Sieving 
through Porous Graphene. Nat. Nanotechnol. 2012, 7, 728–732. 

(147)  Li, H.; Song, Z.; Zhang, X.; Huang, Y.; Li, S.; Mao, Y.; Ploehn, H. J.; Bao, Y.; Yu, M. 
Ultrathin, Molecular-Sieving Graphene Oxide Membranes for Selective 
Hydrogen Separation. Science. 2013, 342, 95–98. 

(148)  Mi, B. Graphene Oxide Membranes for Ionic and Molecular Sieving. Science. 
2014, 343, 740–742. 

(149)  Chen, L.; Shi, G.; Shen, J.; Peng, B.; Zhang, B.; Wang, Y.; Bian, F.; Wang, J.; Li, D.; 
Qian, Z.; et al. Ion Sieving in Graphene Oxide Membranes via Cationic Control 
of Interlayer Spacing. Nature 2017, 550, 380–383. 

(150) Schneider, G. F.; Xu, Q.; Hage, S.; Luik, S.; Spoor, J. N. H.; Malladi, S.; Zandbergen, 
H.; Dekker, C. Tailoring the Hydrophobicity of Graphene for Its Use as 
Nanopores for DNA Translocation. Nat. Commun. 2013, 4, 1–7. 

(151)  Di Ventra, M.; Taniguchi, M. Decoding DNA, RNA and Peptides with Quantum 
Tunnelling. Nat. Nanotechnol. 2016, 11, 117–126. 

(152)  Abraham, J.; Vasu, K. S.; Williams, C. D.; Gopinadhan, K.; Su, Y.; Cherian, C. T.; 
Dix, J.; Prestat, E.; Haigh, S. J.; Grigorieva, I. V.; et al. Tunable Sieving of Ions 
Using Graphene Oxide Membranes. Nat. Nanotechnol. 2017, 12, 546–550. 

(153)  Surwade, S. P.; Smirnov, S. N.; Vlassiouk, I. V.; Unocic, R. R.; Veith, G. M.; Dai, S.; 
Mahurin, S. M. Water Desalination Using Nanoporous Single-Layer Graphene. 
Nat. Nanotechnol. 2015, 10, 459–464. 

(154)  Smolyanitsky, A.; Yakobson, B. I.; Wassenaar, T. A.; Paulechka, E.; Kroenlein, K. 
A MoS2-Based Capacitive Displacement Sensor for DNA Sequencing. ACS Nano 
2016, 10, 9009–9016. 

(155)  Feng, J.; Liu, K.; Bulushev, R. D.; Khlybov, S.; Dumcenco, D.; Kis, A.; Radenovic, 
A. Identification of Single Nucleotides in MoS2 Nanopores. Nat. Nanotechnol. 
2015, 10, 1070–1076. 

(156)  Feng, J.; Liu, K.; Graf, M.; Lihter, M.; Bulushev, R. D.; Dumcenco, D.; Alexander, 
D. T.; Krasnozhon, D.; Vuletic, T.; Kis, A.; et al. Electrochemical Reaction in 



 139 
 

Single Layer MoS2: Nanopores Opened Atom by Atom. Nano Lett 2015, 15, 
3431–3438. 

(157)  Zhang, J.; Wu, J.; Guo, H.; Chen, W.; Yuan, J.; Martinez, U.; Gupta, G.; Mohite, A.; 
Ajayan, P. M.; Lou, J.; et al. Unveiling Active Sites for the Hydrogen Evolution 
Reaction on Monolayer MoS 2. Adv. Mater. 2017, 1701955, 1–7. 

(158)  Kc, S.; Longo, R. C.; Wallace, R. M.; Cho, K. Surface Oxidation Energetics and 
Kinetics on MoS2 Monolayer. J. Appl. Sci. 2015, 117, 135301. 

(159)  Ding, S.-Y.; Yi, J.; Li, J.-F.; Ren, B.; Wu, D.-Y.; Panneerselvam, R.; Tian, Z.-Q. 
Nanostructure-Based Plasmon-Enhanced Raman Spectroscopy for Surface 
Analysis of Materials. Nat. Rev. Mater 2016, 1, 16021. 

(160)  Cardinal, M. F.; Vander Ende, E.; Hackler, R. A.; McAnally, M. O.; Stair, P. C.; 
Schatz, G. C.; Van Duyne, R. P. Expanding Applications of SERS through 
Versatile Nanomaterials Engineering. Chem. Soc. Rev. 2017, 46, 3886–3903. 

(161)  Schlücker, S. Surface-Enhanced Raman Spectroscopy: Concepts and Chemical 
Applications. Angew. Chem. Int. Edi. 2014, 53, 4756–4795. 

(162)  Sharma, B.; Frontiera, R. R.; Henry, A. I.; Ringe, E.; Van Duyne, R. P. SERS: 
Materials, Applications, and the Future. Mater. Today. 2012, 15, 16–25. 

(163)  Lyandres, O.; Yuen, J. M.; Shah, N. C.; VanDuyne, R. P.; Walsh, J. T.; Glucksberg, 
M. R. Progress Toward an In Vivo Surface-Enhanced Raman Spectroscopy 
Glucose Sensor. Diabetes Technol. Ther. 2008, 10, 257–265. 

(164)  Song, C. Y.; Yang, Y. J.; Yang, B. Y.; Sun, Y. Z.; Zhao, Y. P.; Wang, L. H. An 
Ultrasensitive SERS Sensor for Simultaneous Detection of Multiple Cancer-
Related MiRNAs. Nanoscale 2016, 8, 17365–17373. 

(165)  Kneipp, J. Interrogating Cells, Tissues, and Live Animals with New Generations 
of Surface-Enhanced Raman Scattering Probes and Labels. ACS Nano 2017, 11, 
1136–1141. 

(166)  Lin, E. C.; Fang, J.; Park, S. C.; Johnson, F. W.; Jacobs, H. O. Effective Localized 
Collection and Identification of Airborne Species through Electrodynamic 
Precipitation and SERS-Based Detection. Nat. Commun. 2013, 4, 1636–1638. 

(167)  Palonpon, A. F.; Ando, J.; Yamakoshi, H.; Dodo, K.; Sodeoka, M.; Kawata, S.; 
Fujita, K. Raman and SERS Microscopy for Molecular Imaging of Live Cells. Nat 
Protoc. 2013, 8, 677–692. 

(168)  Sun, F.; Hung, H.-C.; Sinclair, A.; Zhang, P.; Bai, T.; Galvan, D. D.; Jain, P.; Li, B.; 
Jiang, S.; Yu, Q. Hierarchical Zwitterionic Modification of a SERS Substrate 
Enables Real-Time Drug Monitoring in Blood Plasma. Nat. Commun. 2016, 7, 
13437. 



 140 
 

(169)  Hu, Y.; Cheng, H.; Zhao, X.; Wu, J.; Muhammad, F.; Lin, S.; He, J.; Zhou, L.; Zhang, 
C.; Deng, Y.; et al. Surface-Enhanced Raman Scattering Active Gold 
Nanoparticles with Enzyme-Mimicking Activities for Measuring Glucose and 
Lactate in Living Tissues. ACS Nano 2017, 11, 5558–5566. 

(170)  Zhang, H.; Wang, C.; Sun, H.-L.; Fu, G.; Chen, S.; Zhang, Y.-J.; Chen, B.-H.; Anema, 
J. R.; Yang, Z.-L.; Li, J.-F.; et al. In Situ Dynamic Tracking of Heterogeneous 
Nanocatalytic Processes by Shell-Isolated Nanoparticle-Enhanced Raman 
Spectroscopy. Nat. Commun. 2017, 8, 15447. 

(171)  Su, Y.; Jia, S.; Du, J.; Yuan, J.; Liu, C.; Ren, W.; Cheng, H. Direct Writing of 
Graphene Patterns and Devices on Graphene Oxide Films by Inkjet Reduction. 
Nano Res. 2015, 8, 3954–3962. 

(172)  Pandey, R.; Paidi, S. K.; Valdez, T. A.; Zhang, C.; Spegazzini, N.; Dasari, R. R.; 
Barman, I. Noninvasive Monitoring of Blood Glucose with Raman 
Spectroscopy. Acc. Chem. Res. 2017, 50, 264–272. 

(173)  Xu, W.; Ling, X.; Xiao, J.; Dresselhaus, M. S.; Kong, J.; Xu, H.; Liu, Z.; Zhang, J. 
Surface Enhanced Raman Spectroscopy on a Flat Graphene Surface. Proc. Nat. 
Aca. Sci. 2012, 109, 9281–9286. 

(174)  Otto, A. The “chemical” (Electronic) Contribution to Surface-Enhanced Raman 
Scattering. J. Raman. Spectrosc 2005, 36, 497–509. 

(175)  Shi, Y.; Li, H.; Li, L.-J. Recent Advances in Controlled Synthesis of Two-
Dimensional Transition Metal Dichalcogenides via Vapour Deposition 
Techniques. Chem. Soc. Rev. 2015, 44, 2744–2756. 

(176)  Lv, R.; Robinson, J. A.; Schaak, R. E.; Sun, D.; Sun, Y.; Mallouk, T. E.; Terrones, M. 
Transition Metal Dichalcogenides and beyond: Synthesis, Properties, and 
Applications of Single- and Few-Layer Nanosheets. Acc. Chem. Res. 2015, 48, 
56–64. 

(177)  Son, Y.; Li, M. Y.; Cheng, C. C.; Wei, K. H.; Liu, P.; Wang, Q. H.; Li, L. J.; Strano, M. 
S. Observation of Switchable Photoresponse of a Monolayer WSe-MoS Lateral 
Heterostructure via Photocurrent Spectral Atomic Force Microscopic Imaging. 
Nano Lett 2016, 16, 3571–3576. 

(178)  Heine, T. Transition Metal Chalcogenides: Ultrathin Inorganic Materials with 
Tunable Electronic Properties. Acc. Chem. Res. 2015, 48, 65–72. 

(179)  Ling, X.; Xie, L.; Fang, Y.; Xu, H.; Zhang, H.; Kong, J.; Dresselhaus, M. S.; Zhang, J.; 
Liu, Z. Can Graphene Be Used as a Substrate for Raman Enhancement? Nano 
Lett 2010, 10, 553–561. 

(180) Liu, D.; Chen, X.; Hu, Y.; Sun, T.; Song, Z.; Zheng, Y.; Cao, Y.; Cai, Z.; Cao, M.; Peng, 
L.; et al. Raman Enhancement on Ultra-Clean Graphene Quantum Dots 



 141 
 

Produced by Quasi-Equilibrium Plasma-Enhanced Chemical Vapor Deposition. 
Nat. Commun. 2018, 9, 1–10. 

(181)  Ling, X.; Fang, W.; Lee, Y. H.; Araujo, P. T.; Zhang, X.; Rodriguez-Nieva, J. F.; Lin, 
Y.; Zhang, J.; Kong, J.; Dresselhaus, M. S. Raman Enhancement Effect on Two-
Dimensional Layered Materials: Graphene, h-BN and MoS2. Nano Lett 2014, 
14, 3033–3040. 

(182)  Tan, Y.; Ma, L.; Gao, Z.; Chen, M.; Chen, F. Two-Dimensional Heterostructure as 
a Platform for Surface-Enhanced Raman Scattering. Nano Lett 2017, 17 , 
2621–2626. 

(183)  Zheng, Z.; Cong, S.; Gong, W.; Xuan, J.; Li, G.; Lu, W.; Geng, F.; Zhao, Z. 
Semiconductor SERS Enhancement Enabled by Oxygen Incorporation. Nat. 
Commun. 2017, 8, 2–11. 

(184)  Yin, Y.; Miao, P.; Zhang, Y.; Han, J.; Zhang, X.; Gong, Y.; Gu, L.; Xu, C.; Yao, T.; Xu, 
P.; et al. Significantly Increased Raman Enhancement on MoX 2 (X = S, Se) 
Monolayers upon Phase Transition. Adv. Funct. Mater. 2017, 27 , 1606694. 

(185)  Lu, A.-Y.; Zhu, H.; Xiao, J.; Chuu, C.-P.; Han, Y.; Chiu, M.-H.; Cheng, C.-C.; Yang, C.-
W.; Wei, K.-H.; Yang, Y.; et al. Janus Monolayers of Transition Metal 
Dichalcogenides. Nat. Nanotechnol. 2017, 12, 1–29. 

(186)  Zhang, J.; Jia, S.; Kholmanov, I.; Dong, L.; Er, D.; Chen, W.; Guo, H.; Jin, Z.; 
Shenoy, V. B.; Shi, L.; et al. Janus Monolayer Transition-Metal Dichalcogenides. 
ACS Nano 2017, 11, 8192–8198. 

(187)  Dong, L.; Lou, J.; Shenoy, V. B. Large In-Plane and Vertical Piezoelectricity in 
Janus Transition Metal Dichalchogenides. ACS Nano 2017, 11, 8242–8248. 

(188)  Wang, J.; Shu, H.; Zhao, T.; Liang, P.; Wang, N.; Cao, D.; Chen, X. Intriguing 
Electronic and Optical Properties of Two-Dimensional Janus Transition Metal. 
Phys. Chem. Chem. Phys 2018, 20, 18571–18578. 

(189)  Sharma, B.; Bugga, P.; Madison, L. R.; Henry, A. I.; Blaber, M. G.; Greeneltch, N. 
G.; Chiang, N.; Mrksich, M.; Schatz, G. C.; Van Duyne, R. P. Bisboronic Acids for 
Selective, Physiologically Relevant Direct Glucose Sensing with Surface-
Enhanced Raman Spectroscopy. J. Am. Chem. Soc. 2016, 138, 13952–13959. 



 142 
 

 


