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ABSTRACT
2D Materials in Lego Style: Synthesis, Characterizations and
Applications
by

Yongji Gong
Recently, the emergence and development of 2D materials with various

optical and electrical properties has opened up new routes for electronic and
optoelectronic device fabrication based on atomically thin layers. For example,
graphene behaves as a semi-metal with extremely high mobility, hexagonal boron

nitride (h-BN) is a good insulator and monolayer TMDs such as MoS2, MoSe2 and
WSe2 are semiconductors with direct band gap. This diversity offers the opportunity

to construct atomically thin electronics based entirely on 2D materials. One of the

most promising applications is to get 2D integrated circuits to replace the
traditional silicon based ones, which will be much thinner and faster.

2D materials can be considered to be analogous to Lego blocks. The Lego

game is to use different Lego blocks to get a complicated Lego building. Similarly, we
can use different 2D materials to get the corresponding integrated circuits or

devices for energy related applications. Based on this purpose, we need different 2D

blocks, which are the most fundamental parts in the 2D world, 2D materials with
tunable properties, and different strategies to combine the 2D materials together.

Chapter 1 focuses on synthesis, characterization and applications of pristine

2D materials, which are the fundamental blocks for the 2D world. In this part, we

synthesized different 2D materials such as insulator (h-BN), metal (graphene) and

semiconductors (MX2, M = metal and X = chalcogen) for different applications. There
are two directions in this part: one is to explore new 2D materials and the other one

is to improve the growth of 2D materials to push them closer to their real
applications. Moreover, semiconductors with different band gap (from 1.1 eV to 2.8
eV) and different type (p type and n type) have been developed. Furthermore, we
improved the growth of different 2D materials to get their millimeter-scale single

crystals or even continuous film.

In the coming Chapter 2, we focused on the 2D alloys. The purpose of alloying

2D materials is to engineer the phase and band gap by changing the composition in
the alloys. By this, we can tune the optical and electrical properties in 2D materials

very easily. The first project in this part is about h-BNC system, which can open a
band gap in graphene system, resulting in both high mobilities and high ON-OFF

ratio in their transistors. Then we developed the MoS2-xSex (x, 0-2) alloys, in which

the band gap can be continuously tuned from 1.50 eV to 1.84 eV. At last, RexMo1-xS2
(x, 0-1) system is developed to study the phase transition with different x.

In Chapter 3, heterostructures based on different 2D materials are developed

by different strategies. For example, we can get h-BN/h-BNC/graphene lateral
heterostructure by combing a conversion method and lithography. We also

developed the heterostructures based on MoS2/WS2 and MoSe2/WSe2 by a one-step

growth method and two-step growth method, respectively. In both of them, we can
get the in-plane and vertical heterostructures. The interface of the in-plane interface

is atomically seamless and sharp and the bilayer heterostructures have fixed

stacking orientations, which are more advantageous than other methods. At last, we
developed more complicated heterostructures, which can be composed by 3 or 4
different 2D materials.

In Chapter 4, we further developed several different 3D structures

constructed by 2D materials for energy storage and conversion. Basically, this part
is inspired by graphene aerogel with porous 3D structure. The porous structure

enables the access of electrolyte very easily and the graphene network has very

good electrical conductivity, advantageous to work as electrochemical applications.

In this part, we developed several different structures for different applications,
including MoS2/GO as the anode for lithium ion battery, VO2/GO as the cathode for

lithium ion battery and h-BNC as ORR catalyst. For the lithium ion battery, the
structures developed here have better performance than the commercial ones with

higher capacity, better stability and much higher charge and discharge rate. H-BNC

aerogel can even beat the performance of commercial Pt/C as the ORR catalyst.

In summary, the research based on 2D materials is like the Lego game,

including exploring the Lego blocks (pristine 2D materials and their alloys) and
combining them together to form the functional devices (2D heterostructures and
3D porous structure from 2D materials).
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Chapter 1

Introduction

1.1. Materials
Graphene, composed by monolayer carbon atoms, has been the first

monolayer two dimensional materials to be isolated in nature1. Single layers of

graphite were first isolated by Andre Geim's group, at Manchester University in

2004. The method is quite simple by rubbing HOPG (highly oriented pyrolitic

graphite) against another surface. This leaves a variety of flakes on the surface. Most
of these flaky materials are composed of more than ten layers, but surprisingly,

among the resulting structures single layers can also be found2. Graphene has
attracted huge attention because of the particularity not only of its structure but

also its properties. This thinnest material shows surprisingly good properties such

as transparency, flexibility and good mechanical performance. Most importantly, its

carrier mobilities can be up to 100000 cm2 V-1s-1, outperforming the traditional
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materials3. Furthermore, the discovery of graphene opens up unprecedented
possibilities to explore a new family of materials. Thus, people started looking for

some other 2D materials with atomic thickness that are complementary to graphene,
such as h-BN as an insulator4 and TMDs5 as semiconductors.

h-BN is another 2D materials that has similar structure with graphene but

composed by alternately changed boron and nitrogen atoms6. Its band gap is about

5.6 eV, a good insulator in electronics. Several applications have been proposed for
this material including its use as a smooth substrate for graphene devices with

better performances4, as barrier layers for vertical hybrid atomic layer stacks with a
few graphene, and ultrathin h-BN layers coatings7. On the other hand, transition

metal dichalcogenides (TMDs), such as MoSe2, WSe2 and MoS2, are 2D

semiconductors with both high ON/OFF ratio and high carrier mobilities as field
effect transistors (FETs)5. These properties make them promising to replace silicon
based applications, which is the most important material in modern electronics.
Furthermore, some novel applications or properties appear in atomic layered TMDs
such as valleytronics8, piezoelectricity9 and indirect to direct band transition10 due

to their unique crystal and electronic band structures.

Figure 1.1-1 shows the diversity in 2D family. Basically, for any traditional

materials, we can find its counterpart in the 2D materials. There are insulators,

semiconductors with different band gap, metals and superconductors in the 2D
family.

The diversity of the 2D materials provides the possibilities to bring

traditional electronics and opto-electronics down to atomic thickness.

27

Figure 1.1-1. 2D materials with different properties
Beyond pristine 2D materials, 2D alloys11 and heterostructures12 provide

more possibilities to make these materials more versatile, further modification of
their physical and chemical properties is required. 2D alloy is a possible way to fine-

tune these properties. For example, it is possible to get continuously tunable band
gap as well as phase transition, bringing the chances to control the properties of 2D
materials precisely. However, efficiently quantifying the distribution of dopants at

the atomic scale within layers, and understanding their influence on the material
properties still remain as key challenges.

Another strategy to tune the properties of 2D materials is to form 2D

heterostructures. We can simply consider 2D materials to be analogous to Lego

blocks, and then there are unlimited possibilities to combine different 2D materials
together to form heterostructures, resulting in different properties13. Since the
coupling effect between different monolayers is huge compared to traditional
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materials, it can tune the properties dramatically. Moreover, heterostructures have

been the essential elements in modern semiconductor industry, and play a crucial
role in high-speed electronics and opto-electronic devices. 2D monolayers could also

be combined to create van der Waals heterostructures, where monolayers of

multiple 2D materials are stacked vertically layer-by-layer, or stitched together

seamlessly in plane to form lateral heterojunctions14. Many novel physical

properties have been explored on such van der Waals heterostructures, and devices

with improved performance have been demonstrated. The lateral heterojunctions
could also lead to exciting new physics and applications. For example, the

semiconducting monolayer TMDs can serve as building blocks for p-n junctions and
other opto-electronic devices.

Figure 1.1-2. 2D heterostructures in Lego style. (This figure is adapted from
reference 13.)
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1.2. Synthesis
The synthesis of 2D materials is the key factor for the practical applications.

Similar to other nanomaterials, there are two different approaches to get 2D
materials, i.e. top down and bottom up. Mechanical exfoliation1 and liquid

exfoliation15 are the most common methods for the top down approach. Generally,
both of the mechanical and liquid exfoliation methods are universal for all 2D

materials. Usually, scotch tape is used to provide the force to exfoliate monolayer 2D

materials from their bulk in mechanical exfoliation method. Mechanically exfoliated

atomic layers have been widely used as various devices including FETs and
photodetectors with the best performances. However, this method suffers from the

disadvantages of low yield and time consuming. Surface tension of the solvents

plays an important role to exfoliate bulk materials into atomic layers. Different with
mechanical exfoliation method, it is possible to get large quantity 2D atomic layers,

even promising for their industrialization. However, due to the limited size of the
resultant atomic layers, this method is not suitable for electrical or opto-electrical

devices. Nowadays, the liquid exfoliated samples have been widely studied for
energy storage, energy conversion and catalyst applications16.

On the other side, the bottom up methods, including chemical vapor

deposition (CVD)17, physical vapor deposition (PVD), plasma enhanced CVD

(PECVD), metal-organic CVD (MOCVD)18, molecular beam epitaxy (MBE) and liquid
phase synthesis, are more promising to produce large area and high quality 2D
materials to enable their industrialization. Among of them, CVD method is the most

30

popular one and has been successfully demonstrated in synthesis of different 2D

materials such as graphene, h-BN, MoS2, WS2, MoSe2, WSe2, Mo2C19, GaSe, etc. More

importantly, CVD method is also the most successful method to get the doped 2D
materials, their alloys20 and heterostructures. A CVD method includes the processes

of evaporation of the precursors followed by further reaction or decomposition to
form desired products. Compared to other bottom up methods, CVD is the easiest
and most popular one since it can use the common chemicals as precursors and only

needs a simple setup. PVD and PECVD are necessarily supplementary methods to
CVD. PVD enables the growth of a material by using itself as precursor and PECVD

enables lower growth temperature, which are pivotal in some cases. MOCVD and
MBE are capable of growing wafer-scale continuous film of graphene and also the

TMDs, since these two methods are highly controllable during the growth process.

However, the metal-organic compounds used in MOCVD are usually poisonous and

the systems for both of them are complicated and expensive, which largely limited
their wide applications. Last but not least, liquid phase synthesis has been widely

applied to get large amount of 2D materials, which shows promising performance in

energy storage and conversion. In the future, CVD is still the most promising one to

get the industrialization of 2D materials, however, with some necessary
improvements, such as to grow wafer-scale TMDs film repeatable.

Junctions between different 2D materials are critical for their real

applications, and this is why 2D heterostructures have attracted significant interests.

Beyond this, some new physics or improved device performance appears along with
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the heterostructures. However, the fabrication of 2D heterostructures with clean

and sharp interfaces, essential for preserving opto-electronic properties driven by

the interlayer or intralayer coupling, remains challenging. Mechanical transfer
method is the most popular method to stack different 2D materials together. The
advantage of this method is its universality for any 2D heterostructures. However,

the stacking orientation cannot be precisely controlled, and the interface between
layers can be easily contaminated, not to mention the challenge for massive
production of the samples. Beyond the vertical ones, lateral heterostructures can

only be created via growth. Compared to mechanical transfer method, CVD method
is a more promising one and has better for their mass production. Until today, both
one-step and two-step methods have been applied to grow 2D heterostructures.
One-step method has been successfully used to grow the heterostructures of any

two from MoS2, WS2, MoSe2 and WSe2. Although one-step method is advantageous in

time and energy consuming, it is not capable of size and spatial control. Also, the
cross-contamination is inevitable since there is clear boundary between growths of

different materials. On the other hand, the two-step method has been applied to

synthesize the heterostructures of h-BN/graphene21 and MoS2/WS2, MoSe2/WSe222,

MoS2/WSe2. Especially for the h-BN/graphene system, it realized the spatial and size

control combined with lithography, critical for its practical application. The cross-

contamination in one-step growth can be eliminated here. More promisingly, multistep growth method, as an expansion of the two-step growth method, is possible to

get ternary-heterostructures or even more complicated ones.
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Figure 1.2-1. MoS2/WS2 verical and in-plane heterostructures grown by onestep CVD method. The high quality of the resultant heterostructures demonstrates
the power of CVD method.

1.3. Conclusion
In conclusion, the emergency and development of 2D materials opened up

unprecedented possibilities to study their new physics as well as to explore new

applications. However, more efforts are necessary to exploit new 2D materials, their
alloys and heterostructures for different applications.
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Chapter 2

Pristine 2D materials

2.1. Ultrathin High Temperature Oxidation Resistant
Coatings of Hexagonal Boron Nitride
This sub-chapter was mostly copied from reference 29.

2.1.1. Abstract

Hexagonal boron nitride (h-BN), a two-dimensional (2D) layered material,

can be stable at 1500oC in air and will not react with most of chemicals with

exceptional thermal and chemical stability. Several applications have been proposed
for this material including its use as a smooth substrate for graphene devices, as

barrier layers for vertical hybrid atomic layer stacks with a few graphene, and
ultrathin h-BN layers coatings. Here we demonstrate large-scale ultrathin oxidation

resistant coatings of high quality h-BN layers with controlled thicknesses from
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double layers to bulk. We show that such ultrathin h-BN films are impervious to
oxygen diffusion even at high temperatures and can serve as high-performance

oxidation resistant coatings for nickel up to 1100oC in oxidizing atmospheres.

Furthermore, graphene layers coated with a few h-BN layers are also protected at
similarly high temperatures.

The h-BN atomic layer coatings, which can be

synthesized via scalable chemical vapor deposition method down to only two layers,

could be the thinnest coating ever shown to withstand such extreme environments
and could find applications as chemically stable high temperature coatings.
2.1.2. Introduction

Recently, monolayers of hexagonal boron nitride (h-BN) have been

successfully used as a smooth substrates for high performance graphene devices 1-5

and as barrier materials in vertical heterostructures in combination with graphene

and transition metal dichalcogenides (TMDs)5-7. Owing to the exceptional thermal

and chemical stabilities 8, h-BN could become an ideal ultrathin coating material

against oxidation at high temperatures if large area high quality, uniform atomic
layers could be prepared on surfaces to be protected. Coating BN films on various

surface such as two-dimensional (2D) layers and metals will considerably enhanced

the thermal and chemical stabilities of the materials. Traditionally, h-BN films can be

prepared by pulsed laser deposition9, however, this method will lead to amorphous
BN films and have a relative high cost. Mechanic exfoliation is an alternative
approach to high quality h-BN films but small h-BN flakes (typically, less than a few
microns) limits its application as a coating. An easy and low-cost method is urgently
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required for the h-BN films as a high-performance coating. In addition, integration
of h-BN with other 2D materials such as graphene and TMDs may considerately
improve their work temperature and enhanced the thermal dissipation.

Bulk h-BN crystals have been synthesized using a high temperature and high

pressure process for applications as far ultraviolet emitters

synthesis of atomically thin h-BN layers

12-15

10,11.

However, the

has traditionally suffered from poor

crystallization, making them inferior to flakes exfoliated from bulk samples
resulting in relatively low performance

16.

In our previous work 12,13, atomic layers

of h-BN were synthesized on copper and nickel foils through low-pressure chemical
vapor deposition with ammonia borane as a precursor. Herein, we demonstrate that

large-area and highly crystalline h-BN atomic layers can be synthesized on Ni foil

substrates and demonstrate their exceptional oxidation resistance. Our method

relies on sublimation of ammonia borane at 40 oC ~ 90 oC that is carried into the
reaction region by Ar/H2 gas flow, allowing a thickness-controlled formation of

uniform h-BN films down to bi-layers (see supplementary materials, Table 1, for

details). Furthermore, copper and nickel foils are used for the substrates because
there are only small lattice mismatch between them and h-BN. For other substrates
such as Ru, h-BN mesh is favorable caused by the lattice mismatch.
2.1.3. Results

Optical evidence for h-BN growth on Ni foils is shown in Fig. 1.1-1a. It is

shown that the dimensions of the h-BN layers grown can be macroscopic, up to
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several centimeters. The h-BN films can be transferred onto SiO2/Si substrates via a

Poly(methyl methacrylate) (PMMA)-assisted method similar to that reported for
graphene layer transfer 17, as shown in Fig. 1.1-1b – 1d. The layer numbers from left

to right are ~10, 5-6 and 2-3, respectively. A thick h-BN film on SiO2 appears
optically blue. Thinner layers produce a purple tint with decreasing brightness
identified in a previous report

18.

The thickness and topography of the films show

that the films obtained are relatively smooth. More detailed characterization has

been carried out using transmission electron microscopy (TEM) and a scanning

transmission electron microscopy (STEM) to assess structure, the crystallinity, and
the elemental content of the as-grown h-BN atomic layers. By controlling the growth

temperature, growth time and precursor temperature, we are able to synthesize hBN from double-layers to several layers, as shown in Fig. 1.1-1e-1h.
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Figure 2.1-1. Optical and TEM characterizations of CVD h-BN layers. (a) A
photo of as-grown h-BN on Ni foils (size: ~ 3.5 × 3.5 cm2). (b) – (d) Optical
image of bulk, few layer (4~6) and double layer h-BN films, respectively. Scale
bars: 2 mm. (e) – (h) TEM images of double-, three-, four- and several-layered
h-BN, respectively. Scale bar: 2 nm. (i) STEM-ADF image showing doublelayered h-BN with AB stacking and its FFT pattern (inset). Scale bar: 1nm. (j)
STEM-ADF image of single-layered h-BN after peeling off the bottom layer hBN by electron beam. The brighter atoms are nitrogen and lighter ones are
boron, as illustrated in the inset. Scale bar: 0.2 nm. (k) EEL spectrum of
double-layered h-BN.
The interlayer spacing of few-layered h-BN is comparable to the lattice

constant ~3.3Å of bulk h-BN and to estimates from theoretical calculations 19. Due to
the insulating nature and the susceptibility to radiation damage of few-layered h-BN
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films, a STEM working at 60 KeV was employed for atomic structure evaluation and
chemical analysis of the h-BN layers. Regions of defect-free h-BN layers were found

and studied by STEM annular dark-field (ADF) imaging using the atomic number (Z)
contrast. Most of the double-layered h-BN films were found to have AB stacking
(Bernal stacking) which, along with AA’ stacking, is an energetically favorable

structure according to ab initio calculations19. Relative rotations between layers

were occasionally observed in few-layered h-BN. Figure 1.1-1i presents a typical
double-layered h-BN with AB stacking, where all of the atomic positions in the
hexagonal rings display similar contrast due to the overlapping of B and N atoms

from the two atomic layers. The inset is the corresponding Fast Fourier Transform
(FFT) pattern of the ADF image showing only one set of six-fold symmetric

diffraction spots. When the bottom h-BN layer is peeled off by the electron beam, the
atomic positions of B and N atoms in the monolayer h-BN can be directly identified

via their ADF image intensities with N atoms being slightly brighter than B, as
shown in Fig. 1.1-1j. Moreover, under our experimental conditions, the ADF image

intensity shows a quantized change as a function of numbers of h-BN layers, which

can be used to directly quantify the thickness of the h-BN samples. The size of
single-crystal h-BN domains is ranging from hundreds nanometers to a few microns.

The electron energy loss (EEL) spectrum is acquired from a defect-free area of
double-layered h-BN (Fig. 1.1-1k) showing both the Boron boron K-edge (~188 eV)
and Nitrogen nitrogen K-edge (~398 eV) features.
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Figure 2.1-2. h-BN thin films as high-performance oxidation resistance
coatings. (a) and (b) SEM images of pure Ni foils after oxidization at the same
conditions. Ni oxide particles were formed on the surface. (c) and (d) SEM
images of the 5 nm h-BN coated Ni foils after oxidization in 300 mTorr oxygen
at 1100 oC for 30 min. The Ni oxides are clearly seen in the inset of b while Ni
grains are found through the transparent h-BN films.
An immediate application of the grown h-BN atomic layers is their use as

oxidation resistant coatings of the underlying Ni surfaces in oxygen rich

environments at high temperatures. We performed oxidation experiments on Ni
samples with and without h-BN atomic layer coating in air for 30 minutes min at
1100 oC in 300 mTorr oxygen. The morphologies of the oxidized Ni foils were

characterized by scanning electron microscope (SEM). For the case where there was
no h-BN coating, large number of oxide particles were formed on the Ni surface (Fig.
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1.1-2a and 2b). Inset in Fig. 1.1-2b shows Ni oxides particles observed everywhere

at the surfaces. With h-BN coatings, the nickel surface remained smooth and clean,

and nickel grains were clearly observed (Fig. 1.1-2c and 2d). The parallel lines in Fig.
1.1-2c were produced during the polish process of Ni foils. The thickness of the h-

BN coating used was ~ 5nm, as confirmed by AFM imaging. Such ultrathin h-BN

dielectric layer will significantly reduce the charging effect, which results to a clear
secondary electron imaging.

We also transferred the 5 nm h-BN films to other

metals such as Cu and stainless steel and confirmed the great performance of h-BN

as oxidation resistance coatings after PMMA assisted transfer. It seems that
topographical defects (such as cracks, pinholes) can be significantly reduced for
5nm h-BN.
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2.1.4. Discussion

Figure 2.1-3. XPS characterizations of h-BN coated Ni foils after high
temperature oxidation testing. (a) Schematic shows the etching process of hBN coated Ni foil. (b) – (d) The XPS spectra of Ni (2p3), N (1s) and B (1s)
respectively, acquired after each etching. The arrows indicate the evolution of
the spectra. (e) – (f) Relative atomic concentration and intensity of each
element versus sputtering time. (g) – (i) Individual Ni XPS spectra of pure Ni,
2nm h-BN coated Ni and 5nm h-BN coated Ni foils after oxidation testing.
To carefully examine the oxidation resistance of the h-BN coated Ni, XPS

depth profiles were used to map the vertical out-of-plane elemental distribution
across the coating/metal interface. A high-energy Ar ion beam accelerated by a
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voltage of 3 KeV was used to etch the samples from its top surface, layer by layer,

within a 2mm × 2 mm area, as illustrated in Fig. 1.1-3a. The intensity evolution
during etching is shown in Fig. 1.1-3b - 3d, for Ni, N and B, respectively. Because the

h-BN coating is very thin, a weak nickel signal could be collected even before Ar ion

sputtering. For Ni, the main peak is located at ~ 852.6 eV. With sputtering, X-ray
probes deeper into the sample and the intensity of Ni saturates after 15 s. For boron

and nitrogen, their intensities decrease progressively to zero during sputtering. The
peak of nitrogen is at ~ 398.2 eV, very close to the reported position of the N 1s
spectrum (398.1 eV)

20-22.

The most prominent peak for boron is ~ 190.9 eV,

identical to hexagonal phase boron nitride 20-22. It is noted that following the Ar-ion

etching, the peak of B 1s shifts from ~191 eV (h-BN) to ~ 188 eV,23 evidence that

boron may be dissolved in Ni surface at high temperature.

The evolutions of the atomic concentration and peak intensity of Ni, N and B

as a function of sputtering time are plotted in Fig. 1.1-3e and 3f. The two plots show
a similar trend, suggesting the formation of an effective h-BN protection layer over
the Ni substrate.

Figure 1.1-3g-3i show the XPS spectra (Ni 2p) of post-oxidation pure Ni foil,

and Ni foils with 2 nm and 5 nm h-BN coatings, respectively. For the pure Ni foil,
high temperature oxidation resulted in dominant peaks at ~ 853.7 eV, 855.7 eV and
861.0 eV, corresponding to the main peaks of Ni oxides

24.

With 2 nm h-BN coating,

although prominent signals are found from Ni oxides, a weak peak at ~ 852.6 eV

from pristine Ni, marked by the red arrow, appears. With 5 nm h-BN coating, the
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spectra evidently change from a typical Ni oxides profile to a pure Ni profile with a

main peak located at ~ 852.5 eV and two well-known satellite peak. These

observations suggest that a high-quality h-BN coating with an appropriate thickness

has a very good potential to significantly improve oxidation resistance of metals at
high temperatures and under oxygen rich atmospheres.

Figure 2.1-4. Weight gain and stoichiometry analysis of Ni oxides. (a) Weight
gain versus temperature of pristine Ni foils, 2nm and 5nm h-BN coated Ni foils.
Oxidation duration is 5 min in air. Inset shows the parabolic rate constant as a
function of the inverse absolute temperature from 800 oC to 1100 oC. (b)
Weight gain versus oxidizing duration at 1100

oC

in 300 mT oxygen

atmosphere. Inset represents the weight grain as a function of the square root
of time. (c) and (d) Contours showing the depth profile of Ni oxidization
profiles for durations from 10 min to 60 min. The oxidations were performed
at 1100 oC and under 300 mT oxygen atmosphere. The colors indicate the
oxidation level represented by the atomic concentration of oxygen over nickel
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from slight (blue) to heavy (yellow and red) oxidation. White dotted line is the
contour lines indicating the boundaries of NiO.
To systematically study the oxidation protection offered by h-BN coatings,

2nm and 5nm h-BN films were deposited on Ni foils by the chemical vapor
deposition (CVD) method. We first oxidized all three samples (pristine Ni foil, Ni foil

with 2nm and 5nm h-BN coating) in air at different temperatures ranging from 200
oC

to 1100 oC. The oxidation duration was kept the same at 5 min. With the presence

of the h-BN coating, the net weight gain due to oxidation dropped from ~5.4% (for
pristine Ni foils) to ~3.2% (for Ni foil with 2nm h-BN coating) to ~1.5% (for Ni foil
with 5nm h-BN coating) after oxidation of the coated and uncoated foils in air at

1100 oC. A parabolic behavior of the oxidation kinetics was observed from 800 oC to

1100 oC, as plotted in the inset of Fig. 1.1-4a, consistent with previous reports on
oxidation kinetics

25.

Furthermore, the oxidation durations versus weight gain is

presented in Fig. 1.1-4b, at 1100 oC and under 300 mTorr oxygen atmosphere. The

gained weight saturates after oxidation for one hour, and again, 5nm h-BN coating

dramatically reduced this value by more than 70% compared to the pristine Ni foil
(from 13.4% to 3.01%). At 1100 oC, the oxidation follows the parabolic rate law

(inset in Fig. 1.1-4b). The oxidation depth of Ni foil versus time is plotted in falsecolored contours (Fig. 1.1-4c and 4d). The color represents the stoichiometry of

nickel oxides in atomic concentration ratio, derived from the XPS depth profile in a

total time of 5 min with an interval of 1 min. Pure or slightly oxidized nickel regions
are shown in blue, moderately oxidized nickel (Ni/O ~ 1) is in green, while yellow

and red refers to heavily and fully oxidized Ni (Ni2O3), respectively. The white
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dotted contour lines indicate the rough boundaries of NiO formed. As can be

observed in the plot, with 5nm h-BN coating, the blue region dominates. A small red

area is found on the surface of Ni foils. In sharp contrast, without the h-BN coating,

green region dominates and the red region propagates deep into the Ni substrate.
More than five locations have been etched at each temperature and result to similar
oxidation profiles.

To further test its oxidation protection effect for metal, we showed the

coatings h-BN layers by transfer method can protect the surfaces of metals such as
Cu and stainless steel films at high temperature.

Figure 2.1-5. h-BN films as an anti-oxidation layer for graphene. (a) Optical
image of graphene coated by 2 nm h-BN layers on the silica substrate. Bottom
region is pure graphene and top one is h-BN on graphene. Scale bar: 2 µm. (b)
Optical image of h-BN coated graphene after 2 min oxidation at 1000 oC.
Uncovered graphene (bottom) was burn out and h-BN covered one still
survived (top). Scale bar: 2µm. (c) and (d) Contours of Raman spectra as a
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function of oxidation temperature acquired from (c) uncovered graphene and
(d) h-BN coated graphene (d) that have been oxidized under a controllable
temperature. (e) and (f) Typical Raman spectra for the bare and h-BN coated
graphene, respectively, under 200 oC, 600 oC and 1000oC.
Graphene is another material that can benefit from having an ultrathin h-BN

coating, especially due to the structural similarities of both the materials. Recently,

h-BN films have been considered complementary substrates of graphene devices
26,27.

Here, we show that the graphene layers can survive elevated temperatures as

high as 1000 oC if a h-BN atomic layer is coated on top as an oxidation-resistant

coating. Few-layered h-BN can be either transferred or directly grown on single-

layered graphene on a 285 nm SiO2 substrate.13 The h-BN coated graphene can be

found to locate in the top portion of Fig. 1.1-5a and 5b. The thickness of the h-BN

coating is ~2 nm. The underlying graphene layer is continuous and fully covers the

SiO2 substrate. However, at a few locations graphene is broken and the SiO2 can be

seen underneath these broken regions, as indicated by the white arrow. The G/h-BN

sample was then oxidized at 1000 oC in air for 2 min. The typical morphology after

oxidation is shown in Fig. 1.1-5b. It is observed that the uncovered graphene has
been burned away and h-BN covered graphene still survives. In order to

systematically study the oxidation rate of h-BN coated graphene, in-situ temperature
dependent Raman characterization (Fig. 1.1-5c-5f) was carried out from room

temperature to 1000 oC for both pristine graphene and h-BN covered graphene. At

each temperature, Raman spectra were recorded at more than five different

locations in each sample. The Raman signature dependence on temperature is
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represented in Fig. 1.1-5c and 5d in a false colored contour. Below 500 oC, there are

no obvious changes in the Raman spectra for both types of graphene samples. For
pristine graphene samples, at a temperature above 500oC, its D and D´ peaks appear
while G and 2D peaks become weaker, suggesting that the oxidation has

significantly degraded the graphene structure. There is no Raman peak observed in

the bare graphene after oxidation above 700 oC. In contrast, for the h-BN coated

graphene, D and D´ peaks were not seen until oxidation above 800oC. The sample
could retain a good Raman signature for graphene materials even after oxidation at

a temperature up to 1000 oC, confirming the protective nature of the h-BN coatings.
The Raman spectra at 200 oC, 600 oC and 1000oC are shown in Fig. 1.1-5e and 5f. At

last, we test oxidation-resistant coating effect of h-BN for graphene on sapphire
substrate, where shows similar anti-oxidation result.

The h-BN atomic layers as high temperature oxidation resistant coating is

further confirmed by the reaction energy of h-BN and oxygen (see supplemental

materials for details of energetics of h-BN oxidation). The average removal energy

cost for two B atoms is expected ~15 eV when the oxidation of B is assisted by the

removal of neighboring N atoms during the reaction through the formation of N2 or

oxidized nitrogen in any of the NOX varieties. In a graphene sheet the initial vacancy

formation energy is ~7.5 eV

28,

substantially smaller than the ~15 eV required for

the formation of the two BN divacancies required for an elementary oxidation

reaction to take place. Therefore, the formation energies of the initial vacancies are
the main factor which determines the combustion activation energies.

This
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observation explains why the h-BN sheets start to oxidize at a much higher

temperature than graphene.
2.1.5. Conclusion

In conclusion, we have shown the excellent oxidation protection offered by

atomically layered h-BN and its suitability as an ideal ultrathin coating material. The

thicknesses of h-BN layers can be well controlled from double to few layers and can

the size can bebe grown on macroscopically large areasup to a few centimeters. The
few layer h-BN films can work as excellent passivation coatings at temperatures up

to 1100 oC in oxygen rich atmospheres. The h-BN coatings we have developed here
are the thinnest ever coatings that have been used at such high temperatures,

remaining stable and protecting metal surfaces from high temperature oxidation.
These ultrathin coatings should find exciting applications as protective layers for
thin metal films, graphene and transition metal dichalcogenides electronics in
extreme conditions.
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2.2. Chemical Vapor Deposition Growth of Crystalline
Monolayer MoSe2
This sub-chapter was mostly copied from reference 44.

2.2.1. Abstract

Recently, two-dimensional layers of transition metal dichalcogenides, such as

MoS2, WS2, MoSe2 and WSe2 have attracted much attention for their potential
applications in electronic and optoelectronic devices. The selenide analogues of
MoS2 and WS2 have smaller band gaps and higher electron mobilities, making them

more appropriate for practical devices. However, reports on scalable growth of high

quality transition metal diselenide layers and studies of their properties have been

limited. Here, we demonstrate the chemical vapor deposition (CVD) growth of

uniform MoSe2 monolayers under ambient pressure, resulting in large single

crystalline islands. The photoluminescence intensity and peak position indicates a
direct band gap of 1.5 eV for the MoSe2 monolayers. A back-gated field effect
transistor based on MoSe2 monolayer shows n-type channel behavior with average

mobility of 50 cm2V-1s-1, a value much higher than the 4 - 20 cm2V-1s-1 reported for

vapor phase grown MoS2.
2.2.2. Introduction

Monolayer transition metal dichalcogenides (TMDs) such as MoS2 have

recently attracted tremendous interest due to their narrow band gap (ranging from
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1.1 for MoTe2 to 2.0 eV for WS2),1-3 indirect to direct band gap transition, efficient

hydrogen evolution when used as catalysts,1-6 etc., enabling a wide range of
applications from electronics and optoelectronics to energy conversion.7-13 Among
the more than 40 types of compounds in the TMD family, MoS2 is arguably the most

extensively studied due to its promising semiconducting properties. Studies indicate

that the less well-studied selenides may however be superior to sulfides in many
aspects owing to a narrower band gap (1.5 eV in MoSe2 vs 1.9 eV in MoS2), a 10-fold

narrower line width, and tunable excitonic charging effects.14,15 While progress in

synthetic methodologies allow for mono-layer and single-crystal growth of MoS2
with lateral dimensions reaching hundreds of μm,16,17 there remain significant

challenges related to controlled, reproducible and large area growth of the selenides.
Monolayer molybdenum diselenide (MoSe2) is in fact a “three-layer”

structure consisting of top and bottom Se layers sandwiching Mo layers.2 In
multilayer arrangements, layers are stacked together with weak van der Waals

interactions between Se atoms; in this “bulk” form, MoSe2 has been used as a host

for intercalation,18 lubricants,19 catalysts20 and electrodes.21 Akin to MoS2 and

WSe2,1,5,22 the band structure of MoSe2 varies with the number of layers. Decreasing
thickness changes the band structure of MoSe2 from indirect (as in a bulk crystal) to

direct (as in a monolayer), meanwhile the band gap increases from 1.1 eV to 1.5
eV.15 Such tunable properties of MoSe2 render it an ideal material for various

electrical and optical applications. Recently, back-gated field effect transistors were

fabricated on ultrathin MoSe2 films,23 achieving an on/off ratio as high as 106 and an
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intrinsic mobility up to ~50 cm2V-1s-1 at room temperature, which was shown to
increase nearly four fold at 78 K. Given such properties, monolayer to few layers

MoSe2 appears to be a tremendous candidate for applications in electrical and

optical devices.

However, synthesis of good quality, large-scale MoSe2 remains a challenge,

with very few methods reported.25-29 Several chemical approaches produce MoSe2
nanocrystals, such as the sonochemical reaction between Mo(CO)6 and Se at 0 ºC,24
and the solvothermal conversion of MoO3 to MoSe2.25 Much like graphene and other

2d materials,26 exfoliation of bulk MoSe2, with27 or without23 sonication, can be used

to produce monolayers for fundamental studies. Large size MoSe2 single crystals
were recently synthesized by chemical vapor transport with TeCl4 by Bougouma et

al.28 Nevertheless, these syntheses are restricted to either “bulk” material

(nanocrystals) or few layers with limited size and quality.

Beyond exfoliation, chemical vapor deposition (CVD) has been demonstrated

to be a successful approach to synthesize various 2D materials, such as graphene,29-

31

h-BN,32,33 MoS2,16,17,34 WS2,35,36 and WSe2.37 Here, we extend this approach and

report the synthesis of monolayer MoSe2 by a CVD method under atmospheric
pressure. With a direct optical band gap of 1.48 eV, as seen in photoluminescence

(PL, peak at 840 nm), this 2D material appears ideally suited for applications in
optoelectronics. We fabricated field effect transistors (FET) on the CVD grown

samples, which show that MoSe2 monolayers work as an n-type channel with an
average mobility of 50 cm2V-1s-1.
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2.2.3. Results and discussion
MoSe2, an interesting 2D optoelectronic material owing to its small, direct

optical bandgap, was synthesized via chemical vapor deposition (CVD),

characterized with photoluminescence spectroscopy and electron microscopy, and

implemented in a field effect transistor (FET). MoSe2 was grown from MoO3 and
selenium on a clean Si wafer with a 275 nm SiO2 top layer as shown in Figure 1.2-1a.

A mixture of argon and hydrogen (15 % hydrogen) was used as the carrier gas and

reducing atmosphere during the deposition process. Hydrogen is essential for the
growth of MoSe2; without it deposition does not occur, as reported in the WSe2

system.37 Growth at 750 ºC for 20 min yielded a high coverage of triangular domains,

as shown in Figure 1.2-1b and 1c. The size of the triangles ranges from several tens
to more than a hundred micrometers. Some triangles also exhibit small domains of
double layer MoSe2; they appear in optical images as darker areas. Their occurrence

may indicate the presence of defects in the first layer, which act as nucleation sites
for the second layer growth. Similar to CVD grown MoS2, MoSe2 islands can merge

together, forming a continuous film as shown in Figure 1.2-1d. The thickness of a
grown triangle, 0.8 nm as measured by atomic force microscopy (AFM, Figure 1.2-

1e), confirms that the sample is a monolayer; the domain-to-domain and film
thickness homogeneity is evidenced by the homogeneity in color present in the
optical micrographs shown in Figure 1.2-1.
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Figure 2.2-1. MoSe2 monolayer synthesis and morphology. (a) Schematic of the
controlled synthesis of monolayer MoSe2 via CVD. Se pellets and MoO3 powder
are positioned in same ceramic boat at the center of the tube furnace. (b), (c)
and (d) Typical optical images of monolayer triangles and continuous film.
Small bilayer domains with darker color can be observed in (c) and (d). (e)
AFM height topography of monolayer MoSe2, with the height profile (inset)
showing a thickness of ~0.8 nm, as measured along the red dotted line.

Figure 2.2-2．Raman and PL characterization of monolayer MoSe2. (a) Optical
image of a small MoSe2 monolayer triangle. (b) Raman spectrum at the center
(black line) and edge (red line) of the triangle, respectively. (c) PL spectra at
the center (black) and edge (red), respectively. (d) Raman mapping (A1g mode)
of the triangle. (e) and (f) PL intensity and peak position maps.
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Raman and PL are effective methods for the characterization of crystal

quality and band gap in 2D materials.38,39 A triangle with an edge of about 40 μm

(Figure 1.2-2a) was characterized with Raman and PL with a laser wavelength of

514.5 nm. Spectra were collected at the edge and center of the triangular domain, as
shown in Figure 1.2-2. Two main peaks appear in the Raman spectra: a sharp one at
low wavenumber (239 cm-1) characteristic of the A1g mode of MoSe2 (out of plane

vibration) and a broad one at higher wavelength (301 cm-1) characteristic of the E2g
mode (in-plane vibration).40,41 The nearly identical peak position and relative

intensity in the edge and center spectra suggest a high homogeneity of the grown
MoSe2. The uniformity of the Raman intensity map of the 239 cm-1 peak (A1g mode,

Figure 1.2-2d) further confirms this observation. However, both PL spectra (Figure

1.2-2c) and PL peak intensity map (Figure 1.2-2e) show a stronger signal in the
center of the triangle, with a decreased intensity at the edges. Only one high

intensity peak at around 840 nm is present in both spectra, corresponding to a band

gap of 1.48 eV, in excellent agreement with the reported 1.5 eV for monolayer MoSe2.
Under same measurement conditions, the PL spectrum of the central area of the
triangle displays a peak at 830 nm, while that of the edge is red-shifted to 845 nm

with lower intensity. The disparity in intensity and peak energy at different
positions is obvious in the PL maps. In the PL intensity map shown in Figure 1.2-2e,

the center part of the triangle is clearly brighter, and the intensity decreases to
about half at the edge. In the peak position map shown in Figure 1.2-2f, a red-shift

from the center to the edge is observed. A related phenomenon has been reported
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by Peimyoo et al. for WS2,35 albeit in their case the edges had the highest intensity.
The explanation given by Peimyoo is that the low PL intensity results from defects

within the crystal, which can quench the intrinsic PL or act as nonradiative
recombination sites.35 Thus here, we believe that the lower PL intensity at the edge

is analogously caused by defects, which are more common around the edges. We
also believe that such defects, in particular Se deficiencies, are responsible for the

red-shift of the PL peak position and associated apparent reduction of the bandgap
at the edges.35 We observe a similar phenomenon in our PL maps of monolayer
MoS2.
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Figure 2.2-3.Electron microscopy characterization of the sample. (a) TEM
image of a monolayer MoSe2 transferred to a TEM grid. The folds and black
dots were produced during the transfer onto the grid. The continuousness of
the film indicates the good quality of the sample. (b) TEM image of a magnified
view of the resulting monolayer film. (c) STEM-HAADF image of monolayer
MoSe2 shows its perfect hexagonal lattice, (inset) intensity profile acquired
along the red line, neighboring Mo (weak) and Se2 (bright) sites are separated
by 1.98 Å and the Mo-Mo distance is 5.46 Å. (d) STEM-HAADF image with
interface of monolayer and double layer MoSe2.
The crystal quality of the CVD grown MoSe2 was characterized at the atomic

level using transmission electron microscopy (TEM) and aberration-corrected

scanning TEM (STEM). A MoSe2 sample with tens of μm domain size was transferred

to a TEM grid following a poly (methyl methacrylate) (PMMA) assisted method.16,17

The continuity of the transferred film (Figure 1.2-3a) indicated the high quality of

the grown sample; folds and small particles observed on the TEM specimen were
caused by the transfer process. The large domains, of the order of tens of μm,

observed in TEM confirm the high quality produced by CVD growth. The expected
hexagonal packing of single layer MoSe2 is clearly observed in the atomic resolution

high-angle annular dark field (HAADF) STEM images in Figure 1.2-3. In HAADF-

STEM, the image intensity is directly related to atomic number, and the expected
alternating brighter (2 Se) and darker (Mo) sites are clearly observed in the images

and intensity profile presented in Figure 1.2-3.42 MoSe2 sample with bilayer domains

were also characterized by STEM, as shown in Figure 1.2-3d, where the bottom part

is monolayer MoSe2 with a perfect crystal lattice, and the brighter top part is a
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bilayer stacking. Additional images showing the MoSe2 lattice as well as bi- and tri-

layer stacking can be found in the Supporting Information.

Figure 2.2-4. XPS characterization of monolayer MoSe2. (a) XPS spectrum of
the sample. Four elements are present: Mo and Se (from the sample), Si and O
(from the substrate). (b) XPS spectrum of Mo 3d and (c) XPS spectrum of Se 3d.
Elemental composition and bonding in the CVD grown film was examined

with X-ray photoelectron spectroscopy (XPS). Four elements are present in the
spectra acquired (an example is reported in Figure 1.2-4): Mo and Se from the

monolayer MoSe2, as well as Si and O from the SiO2 substrate. The 3d spectra of Mo

and Se in the MoSe2 sample (Figure 1.2-4) provide information not only about

stoichiometry but also about bonding. Mo 3d3/2 and 3d5/2 core levels peaks are
located at ~231.5 eV and 228.3 eV, respectively, while the peak of Se 3d is located

around 54.0 eV respectively, in agreement with the values obtained in other MoSe2
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systems.28,42 The former positions indicate the reduction of Mo from Mo+6 to Mo+4:
peaks are significantly shifted from their hexavalent position of ~235.90 and 232.50

eV (Mo 3d3/2 and 3d5/2 core levels of MoO3).28 The peak of Se around 54.0 eV can be

divided into Se 3d5/2 and Se 3d3/2 with peak positions at 53.9 eV and 54.7 eV,
respectively.37 Also, the 1:1.97 of Mo:Se ratio obtained from high resolution XPS

suggests that the CVD grown MoSe2 is reasonably stoichiometric. XPS indicates that

there is some selenium deficiency in our MoSe2 samples; such deficiencies are

associated with defects and are believed to cause the PL shift and intensity decrease

observed (Figure 1.2-2). The XPS elemental analysis was confirmed by electronenergy loss spectroscopy (EELS), in which both the Se and Mo edges were found.

Figure 2.2-5. Field-effect transistor (FET) device from the CVD grown MoSe2
monolayer. (a) Optical image of the fabricated device. (b) Typical plot of
gating voltage vs source/drain current (the source/drain voltage fixed at 0.5
V). Inset: Corresponding I-V curves at different gating voltages.
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To evaluate the electrical performance of the material, field effect transistors

(FETs) were fabricated by electron-beam lithography. Figure 1.2-5a shows a typical

optical micrograph of the fabricated device with a channel length and width of 10
μm and 2 μm, respectively. It has been discussed by a few authors that defects in

TMDs can impact their electronic transport properties, specifically grain boundaries

which have been demonstrated to undermine the performance of TMD
transistors.16,17 Experimentally, we are conscious of this phenomenon and have

avoided the second layer when making FET devices for consistency (see for example

the optical image of our FET device in Fig. 5a). The typical electrical performance

data of MoSe2 FETs is presented in Figure 1.2-5b; all the fabricated devices
displayed n-type behavior, consistent with results from mechanically exfoliated

samples.23 Field effect electron mobilities can be estimated using the equation μ=
[dId/dVbg] × [L/(WCgVd)], where L, W, and Cg are the channel length, width, and the

gate capacitance per unit area, respectively.9,43 Here, 0.1 V was used for the Vd. The

I-V curves (insets in Figure 1.2-5b) confirm the Ohmic contact between the tested
materials and the electrode. From the data acquired for the MoSe2 FET shown in

Figure 1.2-5b, the on−off current ratio was found to exceed 106, while the electron

mobilities are within 20-80 cm2V-1s-1, with an average mobility of 50 cm2V-1s-1. The

similarity of this result to that for exfoliated MoSe2 monolayer23 is a strong evidence

of the high quality of the CVD grown sample. It is worth emphasizing that the

electron mobility of the resulting MoSe2 is much higher than that of CVD MoS2 when
measured by the same back-gated configuration (3 - 20 cm2V-1s-1)16,17.
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2.2.4. Conclusion
In conclusion, we have demonstrated the CVD growth of monolayer MoSe2

single crystalline islands and films. The resulting MoSe2 is large-area, uniform,

highly crystalline and has a stoichiometry very near 1:2. The direct band gap of 1.48
eV indicated by PL indicates its possible application as a semiconductor; its back-

gated FET performance shows MoSe2 as a candidate for 2D semiconductor device
application with an average mobility of 50 cm2V-1s-1 and on−off ratio of 106.
2.2.5. Methods

In order to synthesize monolayer MoSe2, chemical vapor deposition method

(CVD) has been developed. Selenium pellets (99.9 %, Sigma Aldrich) and
molybdenum oxide (MoO3) (99 %, Sigma Aldrich) powder, as Se and Mo precursor,
respectively, were put into the same alumina boat. A clean Si wafer with a 275 nm

SiO2 top layer was put on the boat with face down. The boat with precursor and

substrate was in a fused quartz tube and located at the center of the reactor, i.e. the

hot zone. The furnace temperature was raised up to 750 oC with a heating ramp of

50 oC/min, and after that, was held at 750 oC for 20 min, yielding MoSe2 triangle
domains or films. After growth, the furnace was left to cool unassisted. During all the

process, 50 standard cubic centimeters per minute (sccm) mixture of argon and
hydrogen (15 % hydrogen) was used as the carrier gas and reducing atmosphere

during the deposition process. The growth was carried on under atmospheric
pressure.
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The TEM sample is prepared by a poly (methyl methacrylate) (PMMA)

assisted method.16,17 Firstly, a PMMA thin film was spin-coated on the top of the

MoSe2/SiO2/Si substrate. After that, the SiO2 layer was etched by 2 M KOH solution

and the PMMA/MoSe2 layer would lift off. The PMMA/MoSe2 was then transferred

onto the TEM grid (perforated carbon film with an orthogonal array of 1.2 μm
diameter holes – 1.3 μm separation, mounted on a 200 mesh Au grid, Ted Pella) and
air-dried; PMMA being subsequently washed off with acetone and isopropanol.

The TEM images in Figures 3a and 3b were recorded at 200 kV on a JEOL

2100F. The HAADF-STEM images in Figures 3c and 3d were recorded on an
aberration-corrected JEOL ARM CFEG operated at 80 kV.

Contacts consisting of 3 nm titanium and 35 nm gold were fabricated by e-

beam evaporation. The rate of deposition of titanium was maintained at 0.01 nm/s.
After the deposition, the devices were baked for 2 hours at 120 ˚C under vacuum.
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2.3. Nucleation Controlled Continuous Growth of Macrocrystalline Transition Metal Dichalcogenide Layers
This sub-chapter was mostly copied from reference 35.

2.3.1. Abstract

The emergence of semiconducting transition metal dichalcogenides (TMD)

atomic layers has opened up unprecedented opportunities in atomically thin

electronics. Yet the scalable growth of TMD layers with large grain sizes and

uniformity has remained very challenging. Here, we report a simple, scalable
chemical vapor deposition approach, for the growth of MoSe2 layers, where the

nucleation density can be reduced from 105 to 25 nuclei cm-2, leading to millimeter-

scale MoSe2 single crystals as well as continuous macro-crystalline films with
millimeter size grains. The selective growth of monolayers and multilayered MoSe2

films with well-defined stacking orientation can also be controlled via tuning the

growth temperature. In addition, periodic defects, such as nanoscale triangular
holes, can be engineered into these layers by controlling the growth conditions. The

low density of grain boundaries in the films results in high average mobilities,

around ~42 cm2V-1s-1, for back gated MoSe2 transistors. This generic synthesis
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approach is also demonstrated for other TMD layers such as millimeter-scale WSe2
single crystals.

2.3.2. Introduction
Since the discovery of graphene at 20041,2, two dimensional (2D) materials

have attracted significant attention because of their potential to replace current Si-

based electronics3,4. Compared to the traditional electronics or optoelectronics, 2D

materials present superior advantages such as atomic thickness1, flexibility5,

transparency6 as well as excellent physical properties2. For example, when

monolayer graphene works as field effect transistors (FETs), its carrier mobilities
can be up to 100,000 cm2V-1s-1,4,7 promising ultrafast electronics8,9. Among the
various synthesis methods for 2D layers, chemical vapor deposition (CVD) method
is the most promising to realize high-quality and wafer-scale 2D materials10-13.
Other methods, such as mechanical exfoliation, suffer from the drawbacks of low
yield, poor reproducibility and limited size3. Previously, CVD method was used to

grow wafer-scale graphene for large-scale integration of devices14,15. Importantly,

the crystal quality of CVD grown graphene has been proved to be comparable to
mechanically

exfoliated

sample

for

electronics10,11,16.

Transition

metal

dichalcogenides (TMDs), such as MoSe217, WSe218 and MoS23, are 2D semiconductors

that complement graphene. Comparing to graphene, FETs made of these TMDs have

much higher on-off ratio and reasonable carrier mobilities because of the existence

of gaps in their electronic band structures19. Large scale growth of TMD atomic

layers is still challenging, which is a major limitation for their applications. Although
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CVD method has been demonstrated to get various TMDs20-24, including their

alloys25 and heterostructures26-28, the size of their single-crystal domains is limited

to the micron scale. To the best of our knowledge, the largest TMDs single crystal

ever reported is around 100 μm22,24. Another challenge in synthesis of TMDs is the
wafer-scale continuous film, which is necessary for commercial applications. A very
recent report suggest growth of wafer scale TMD layers by metalorganic CVD
(MOCVD)29. However, the grain sizes in all previous reported continuous films is

still limited to several micrometers, which undermines their performance and
applications in electronics because of the scattering of carriers at grain

boundaries30-32. The complex nature of techniques such as MOCVD also limits its

broad and cost effective implementation. Furthermore, the properties of TMDs are

greatly influenced by the number of layer as well as defects, and control of these
parameters has proven to be difficult.
2.3.3. Results and Discussion

Here, we report an easy and tunable CVD method to synthesize wafer-scale

TMDs single crystals as well as continuous films with controlled dimension, number

of layers and defects. We have mainly focused on MoSe2 to study growth principles

that control the quality of resultant single crystals or films and demonstrated the
generality of these principles to other TMDs such as WSe2. By controlling the

nucleation density, MoSe2 triangles with edge lengths greater than 1 mm and

hexagons with diagonal larger than 1.5 mm were successfully grown. Furthermore,

wafer-scale continuous MoSe2 film with domain size of several hundred microns or
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even close to one millimeter can be obtained. In addition, the growth technique also
allows controllability over the number of layers and defect density through

temperature control and H2 content used in the growth environment. Raman,
photoluminescence (PL) and atomic resolution scanning transmission electron

microscopy (STEM) -Z-contrast imaging are used to confirm the high crystal quality
and uniformity of the resultant film. As a proof-of-concept, wafer-scale

photodetector arrays (45 columns × 19 rows) are demonstrated with excellent

repeatability. Most importantly, the principles demonstrated on MoSe2 can be
extended to other TMDs, and millimeter-scale WSe2 single crystals are grown with

similar procedures.

Figure 2.3-1. Morphology of millimeter scale MoSe2 single crystals and
centimeter scale MoSe2 continuous film. (A) Optical photo of as-grown MoSe2
single-crystals, which can be clearly observed by naked eyes. (B) Enlarged
image of the marked area in (A), showing the MoSe2 hexagons in millimeter
scale. (C, D) Optical microscope and SEM images of MoSe2 single-crystal
triangles, in which the edges are longer than 1 millimeter. (E) Optical photo of

75

as-grown MoSe2 film, showing the centimeter scale continuous and uniform
film of MoSe2. Bare SiO2/Si substrate is used as comparison. (F, G) Optical
microscope and SEM images of the films in (E) further confirm the uniformity
and continuity of the film. The small cracks and bilayer are marked by black
and blue arrows, respectively. (H) Optical image of a four-layer sample yielded
from higher-temperature growth.
To synthesize wafer-scale MoSe2, selenium (Se) and molybdenum oxide

(MoO3) powder are used as the Se and Mo precursors, respectively. Flow rate,
growth temperature and the content of hydrogen in the carrier gas are the three

main factors to regulate the growth. In a typical growth process, single side polished
Si/SiO2 wafer is used as the growth substrate. The wafer is put up-side down with

the polished surface facing towards the MoO3 powder on the bottom of the crucible.

Then the crucible with MoO3 precursor and substrate is located at the center of

fused quartz tube. The typical growth temperature is 750˚C, and growth time is 20

min. The selenium is located in the upstream region with temperature of 250 ˚C.

Ar/H2 (15% H2) mixture with a flow rate of 50 SCCM are used as both the carrier gas
and reducing atmosphere to promote the reaction.

Large monolayer single crystal is essential to building scalable devices with

optimized properties. We found that the nucleation density is the main factor that
influences the crystal size. This is similar to the growth of graphene10,11 and h-BN12.

We were able to control the nucleation density by tuning the flow rate of carrier gas

with fixed temperature of Se, since the flow rate determines the amount of Se vapor
brought to the reaction. Controlling the amount of reactant is also one of the most
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popular strategies to reduce the nucleation density for graphene growth10,11. With a
carrier gas flow rate of 50 SCCM, the nucleation density can be controlled to ~25
nuclei cm-2, which is four orders of magnitude less than the reported growth for

TMDs21,22,24,32. As a result, millimeter-scale MoSe2 single crystals that are visible by
naked eyes can be obtained as shown in Figure 1.3-1A. No reaction happens if the
flow rate is cut to 25 SCCM due to deficiency of selenium supply. On the other hand,

when the flow rate is too high (e.g., 100 SCCM), too much selenium will be carried in
so that the nucleation density will be too high to obtain large domain size. Figure
1.3-1B is the enlarged image of the marked area in Figure 1.3-1A, where highcoverage hexagons with longest diagonal of 1.6 mm can be observe by naked eyes.

In addition to the MoSe2 hexagons, millimeter-scale single-crystalline MoSe2

triangles are also been synthesized under similar growth parameters, as shown in

the optical microscopy (Figure 1.3-1C) and scanning electron microscope (SEM)
(Figure 1.3-1D) images. Therefore, a reasonably low nucleation density, determined
by gas flow rate, could optimize the size of the MoSe2 single crystal domain.

In addition to large single crystal domains, it is important to reduce the

density of grain boundaries in continuous films growth, since these defects are
known to diminish the performance of the devices11,24. The reported grain size of

TMD films is in the range of several microns21,29 to even nanometers30,31. In order to

synthesize continuous films of MoSe2 with minimum grain boundaries, we control

the flow rate and hence the nucleation density. Figure 1.3-1E shows a SiO2/Si wafer
with continuous MoSe2 film in comparison with a bare wafer, where the wafer with
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MoSe2 shows uniform blue color and the bare wafer is purple. The MoSe2 film

shown here is about 2 cm × 2 cm, the size of which is only limited by the size of our
CVD furnace. To determine the domain size, the reaction is performed at the same
conditions but with only 10 min growth. Isolated single crystals from 300 μm to 700

μm in size were observed, and further grown bigger to form the continuous film.
The grain size observed for the grown continuous film is millimeter. Figure 1.3-1F

and 1G are optical microscopy and SEM images, respectively, revealing the high

uniformity and continuity of the MoSe2 film. Small cracks and second layers, marked
in the images, are observed occasionally. Small cracks have been shown to develop

preferentially along the grain boundaries21,22. It is worth noting that continuous film

is very difficult to achieve at 50 SCCM flow rate even with longer time growth10,11.

Thus, slight increase of the nucleation density (still much lower comparing to the
reported results) while keeping the large domain size is critical to the growth of

continuous films. . Higher flow rate (~100 SCCM) could also yield continuous films
but with much smaller domain size of tens of microns.
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Figure 2.3-2. Raman, PL and STEM characterization of the as-grown MoSe2
atomic layers. (A, B) Raman and PL spectra from the edge and center of a
MoSe2 hexagon (marked points 1 and 2 in the inset of (A)), showing the
characteristic peaks of MoSe2. (C, D) Raman intensity map at 241 cm-1 and PL
intensity map at 822 nm further reveal the uniformity of the resulted MoSe2.
(E) Optical image of MoSe2 continuous film of 1.0×0.85 mm2. There are three
small holes marked by arrows. (F, G) Raman intensity map at 241 cm-1 and PL
intensity map at 822 nm. The strong PL intensity indicates this MoSe2 film is
monolayer. (H) Schematic shows the side view, front view and top view crystal
structure of monolayer MoSe2. (I) STEM-Z-contrast image of a monolayer
MoSe2 shows its highly crystalline structure with a small amount of Se
vacancies. The brighter columns are Se2. (J, K) Z-contrast images with different
magnifications of a bilayer sample synthesized using lower H2 percentage
growth, demonstrating defect engineering during growth. The bilayer area
and monolayer area (i.e. voids in the top layer) are marked. The triangular
voids are found to follow the Mo-terminated zigzag edges.
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The advantage of this CVD method is also reflected in the controllability of

the number of layers with precisely defined stacking orientation. We found that

monolayer single crystal or film is predominant at the growth temperature of 750 ˚C.
If we increase the growth temperature to 900 ˚C, in addition to monolayer single

crystals, significant amount of bilayer or even thicker crystals can be obtained.
Figure 1.3-1H corresponds to a four-layer domain to illustrate the effect of higher-

temperature growth. AFM is used to confirm the number of layers and the
morphology of the as-grown MoSe2 films.

The quality of the monolayer MoSe2 is further characterized by Raman,

photoluminescence (PL), scanning transmission electron microscopy (STEM), and Xray photoelectron spectroscopy (XPS). The same millimeter size domains of MoSe2
(Figure 1.3-2A inset) was used for Raman and PL spectra characterizations as
shown in Figure 1.3-2A-D. The Raman spectrum shows two characteristic peaks of

MoSe2, i.e., A1g at 241 cm-1 and E2g1 at 287 cm-1.24 The PL spectrum shows a strong
peak at 822 nm, corresponding to the direct band gap of 1.51 eV of MoSe224. Also,

Raman and PL spectra show similar intensity at both the center and the edge of the

hexagon, which could be further confirmed by the Raman intensity map at 241 cm-1
(Figure 1.3-2C) and PL intensity map at 822 nm (Figure 1.3-2D). All the data

illustrate the uniformity of the CVD grown MoSe2 single crystals at millimeter scale.
Similar Raman and PL characterizations have also been performed on the

continuous film shown in Figure 1.3-2E. The area with three small holes, highlighted
by arrows, is chosen for purpose of comparison. The Raman intensity map (Figure
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1.3-2F) reveals the homogeneity of the whole film except for the three small holes.
However, the PL intensities (Figure 1.3-2G) from different areas in the film show
variations, which could be attributed to the inhomogeneity of the defects

distribution24. XPS was also carried out to show the successful synthesis of MoSe2

phase and stoichiometry (1:1.98 of Mo:Se ratio). Figure 1.3-2H is the schematic to
show the side view, front view and top view crystal structure of monolayer MoSe2,
revealing its sandwich-like structure. The high resolution STEM Z-contrast imaging
reveals the pristine lattice structure of the as-grown MoSe2 (Figure 1.3-2I),

composing of alternating bright (Se2 column) and less bright sites (Mo column) in

hexagonal shape24. Some monoselenium vacancies are also presented in this image,
presumably due to the radiolysis damage from the electrons during imaging33.

Varying growth conditions can also be used to engineer specific features to

the films. We found that highly defected MoSe2 can also be obtained by modifying
the fraction of H2 content of the carrier gas. When the proportion of H2 is reduced to
7.5%, triangular holes are distributed in the resulted MoSe2 film. The defectengineered bilayer MoSe2 sample is also characterized by STEM. As shown in Figure

1.3-2J, besides the micrometer-scale triangular holes observed by SEM, the bilayer
MoSe2 film (bright film) contains one continuous bottom MoSe2 layer and one

defective top layer with a high density of nanometer-scale triangular voids (here

the bottom and top layers are relative notations). Notice that almost all the voids in
the top layer have the same orientation, suggesting that this MoSe2 layer is a single
crystal as the edges of these voids are always along the Mo-terminated zig-zag
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direction (Figure 1.3-2K). Very occasionally, voids were also found in the continuous
bottom layer, but with opposite orientation to those in the top layer. This indicates

that the two layers are in 2H stacking, as also confirmed in the atomic resolution
image shown in Figure 1.3-2K.

Figure 2.3-3. Images and performance of MoSe2 device arrays. (A) optical
image of 855 (45×19) MoSe2 device arrays on a Si/SiO2 wafer. The effective
devices area is marked by the white dashed line. (B) SEM image of 15×7 MoSe2
device arrays. Among all these 85 devices, only one (marked by dashed line) is
damaged during the lithography process. (C) Optical microscope image of a
7×3 device arrays, showing the high-quality and robustness of MoSe2 devices.
(D) Photo detector performance of the MoSe2 device. (E) A typical FET
performance of the MoSe2 device with electron mobilities of 42 cm2V-1s-1 (the
source/drain voltage is fixed at 1 V). Inset: corresponding Ids-Vds curves at
different gating voltages.
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We also demonstrate the advantage of our large area CVD growth method by

the possibility to scale up and get almost 1000 devices within 1 cm2 area. Figure 1.3-

3A is the optical image of the fabricated arrays, where 45×19 devices are fabricated
on the wafer using the film. The detailed quality of the devices is further revealed by

SEM image with 15×7 device arrays (Figure 1.3-3B) and optical microscope image

with 7×3 device arrays (Figure 1.3-3C). Among all these devices, only one of them is

broken during the lithography process, confirming the high-quality and highcontinuity of the MoSe2 film. The insets in Figure 1.3-3B and 3C are the enlarged

SEM and optical microscopy image of a single device, showing the patterned MoSe2

ribbons of 100 μm × 20 μm are well connected with the electrode. We further

applied the MoSe2 device arrays for photo-detector application. We have randomly

picked twelve different samples from the device arrays and measured the dark

current and photocurrent under 543 nm laser illuminations as shown in Figure 1.3-

3D. The measurements show a very narrow distribution of dark current and
reasonable variation in photocurrent and on-off ratio for different devices,

suggesting reliable reproducibility of device fabrication using large area CVD grown
MoSe2 film. The resultant MoSe2 is also characterized as back gated FETs and the
performance is presented in Figure 1.3-3E. Clearly, the MoSe2 devices displayed n-

type behavior, consistent with the reported results17. Their electron mobilities are
estimated according to the exhibited curve by the equation μ = [dId/dVbg] ×

[L/(WCgVd)] where L, W, and Cg are the channel length, width, and the gate
capacitance per unit area, respectively. The average mobilities calculated from the
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as-fabricated MoSe2 ribbons are about 42 cm2V-1s-1 with the on-off ratio as high as

106. The FETs performance with high mobilities and high on-off ratio further

demonstrates the high quality of the resulted MoSe2.

Figure 2.3-4. Morphology, Raman, PL and STEM characterization of the asgrown WSe2 atomic layers. (A-C) Optical and SEM images show that the
morphology of the resulted mm-scale WSe2, which is observable by naked
eyes, too. (D) Controllable synthesis of multilayer WSe2 sample. (E) Raman
spectra taken from the WSe2 triangle in its inset, showing the characteristic
peaks of WSe2 and also the uniformity of edge and center. (F, G) A bandgap of
1.60 eV (775 nm) is indicated by the PL spectra. Together with the PL map, it
clearly shows that the center of the triangle has much stronger intensity than
then edge. (H, I) STEM-Z-contrast image of a monolayer WSe2 at different
magnification with perfect hexagonal structure, indicating the high crystal
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quality of WSe2 obtained by this CVD method. The brighter columns here are
W atoms.
To further demonstrate that reducing the nucleation density is a general

principle to achieve larger single crystals for other TMDs, we applied it to the

growth of WSe2. We successfully increased the size of single crystal WSe2 from tens

of microns to millimeter scale. Figure 1.3-4 is the morphology and some basic
characterizations of as-synthesized WSe2. Similar to MoSe2, the millimeter-scale

WSe2 is clearly observable by naked eye, as shown in the optical photo (Figure 1.3-

4A). Figure 1.3-4B is the enlarged image of the marked area in Figure 1.3-4A, where

both millimeter-scale triangles and hexagons of WSe2 can be found. SEM image

(Figure 1.3-4C) is further used to reveal the morphology and size of WSe2. Similar to

the growth of MoSe2, it is also possible to synthesize few layered WSe2 samples by

changing growth temperature, as shown in Figure 1.3-4D. The triangle in the inset of
Figure 1.3-4E is used for Raman and PL characterizations. Raman spectrum shows

two peaks at 251 cm-1 and 261 cm-1, corresponding to the E2g1 and A1g peaks of

WSe234. Both Raman spectra and maps show the homogeneous distribution of WSe2
in the films. There is one strong PL peak at 775 nm (Figure 1.3-4F), which can be

attributed to the direct band gap of monolayer WSe2 at 1.60 eV. STEM-Z-contrast
images further confirm the high quality of these films, which shows the hexagonal
lattice of WSe2 with a very low density of Se vacancies (Figure 1.3-4H and 4I),

similar to the quality in MoSe2.
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2.3.4. Conclusion
In conclusion, by controlling the key principles of the CVD growth process,

such as the nucleation density, the growth temperature and H2 content, tightly

controlled TMDs structures can be obtained including millimeter scale single
crystals, large scale continuous film with macroscale grains, and mono- to

multilayered TMDs. Similar success on the growth of wafer-scale WSe2 suggests that

the principles we define could be general rules for TMDs growth. The greatly

enhanced structural controllability paves way for scalable device fabrication and
practical applications of TMDs. A state-of-art photodetector array with nearly 1000
devices has been demonstrated with good repeatability.
2.3.5. Reference:

1

Novoselov, K. S. et al. Electric field effect in atomically thin carbon films.

2

Novoselov, K. S. et al. Two-dimensional gas of massless Dirac fermions in

3
4

5

Science 306, 666-669 (2004).

graphene. Nature 438, 197-200 (2005).

Radisavljevic, B., Radenovic, A., Brivio, J., Giacometti, V. & Kis, A. Single-layer

MoS2 transistors. Nature Nanotech. 6, 147-150 (2011).

Schwierz, F. Graphene transistors. Nature Nanotech. 5, 487-496 (2010).

Chen, Z. P. et al. Three-dimensional flexible and conductive interconnected
graphene networks grown by chemical vapour deposition. Nat Mater 10,
424-428, (2011).

86

6

Kim, K. S. et al. Large-scale pattern growth of graphene films for stretchable

7

Dean, C. R. et al. Boron nitride substrates for high-quality graphene

8
9
10
11
12
13
14
15
16

17

transparent electrodes. Nature 457, 706-710 (2009).
electronics. Nature Nanotech. 5, 722-726 (2010).

Xia, F. N., Mueller, T., Lin, Y. M., Valdes-Garcia, A. & Avouris, P. Ultrafast
graphene photodetector. Nature Nanotech. 4, 839-843 (2009).

Lin, Y. M. et al. 100-GHz Transistors from Wafer-Scale Epitaxial Graphene.

Science 327, 662-662 (2010).

Yan, Z. et al. Toward the Synthesis of Wafer-Scale Single-Crystal Graphene on
Copper Foils. Acs Nano 6, 9110-9117, (2012).

Zhou, H. L. et al. Chemical vapour deposition growth of large single crystals of
monolayer and bilayer graphene. Nat Commun 4, 2096 (2013).

Lu, G. Y. et al. Synthesis of large single-crystal hexagonal boron nitride grains
on Cu-Ni alloy. Nat Commun 6, 6160 (2015).

Ci, L. et al. Atomic layers of hybridized boron nitride and graphene domains.
Nature Mater. 9, 430-435 (2010).

Lee, J. H. et al. Wafer-Scale Growth of Single-Crystal Monolayer Graphene on
Reusable Hydrogen-Terminated Germanium. Science 344, 286-289 (2014).
Li, X. S. et al. Large-Area Synthesis of High-Quality and Uniform Graphene
Films on Copper Foils. Science 324, 1312-1314 (2009).

Petrone, N. et al. Chemical Vapor Deposition-Derived Graphene with

Electrical Performance of Exfoliated Graphene. Nano Lett. 12, 2751-2756
(2012).

Larentis, S., Fallahazad, B. & Tutuc, E. Field-effect transistors and intrinsic

mobility in ultra-thin MoSe2 layers. Appl. Phys. Lett. 101, 223104 (2012).

87

18

19
20

Liu, W. et al. Role of Metal Contacts in Designing High-Performance

Monolayer n-Type WSe2 Field Effect Transistors. Nano Lett. 13, 1983-1990

(2013).

Mak, K. F., Lee, C., Hone, J., Shan, J. & Heinz, T. F. Atomically Thin MoS2: A New
Direct-Gap Semiconductor. Phys. Rev. Lett. 105, 136805 (2010).

Lee, Y. H. et al. Synthesis of Large-Area MoS2 Atomic Layers with Chemical

Vapor Deposition. Adv. Mater. 24, 2320-2325 (2012).

21

Najmaei, S. et al. Vapour phase growth and grain boundary structure of

22

van der Zande, A. M. et al. Grains and grain boundaries in highly crystalline

23

molybdenum disulphide atomic layers. Nature Mater. 12, 754-759 (2013).
monolayer molybdenum disulphide. Nature Mater. 12, 554-561 (2013).

Gutierrez, H. R. et al. Extraordinary room-temperature photoluminescence in
triangular WS2 monolayers. Nano Lett. 13, 3447-3454 (2013).

24

Wang, X. et al. Chemical vapor deposition growth of crystalline monolayer

25

Gong, Y. J. et al. Band Gap Engineering and Layer-by-Layer Mapping of

26

MoSe2. Acs Nano 8, 5125-5131 (2014).

Selenium-Doped Molybdenum Disulfide. Nano Lett. 14, 442-449 (2014).
Gong, Y. J. et al. Vertical and in-plane heterostructures from WS2/MoS2

monolayers. Nature Mater. 13, 1135-1142 (2014).

27

Duan, X. D. et al. Lateral epitaxial growth of two-dimensional layered

28

Huang, C. et al. Lateral heterojunctions within monolayer MoSe2–WSe2

29

semiconductor heterojunctions. Nature Nanotech. 9, 1024-1030 (2014).
semiconductors. Nat Mater 13, 1096-1101 (2014).

Kang, K. et al. High-mobility three-atom-thick semiconducting films with
wafer-scale homogeneity. Nature 520, 656-660 (2015).

88

30

31
32
33

34
35

Zhan, Y. J., Liu, Z., Najmaei, S., Ajayan, P. M. & Lou, J. Large-Area Vapor-Phase

Growth and Characterization of MoS2 Atomic Layers on a SiO2 Substrate.
Small 8, 966-971 (2012).

Liu, K. K. et al. Growth of Large-Area and Highly Crystalline MoS2 Thin Layers
on Insulating Substrates. Nano Lett. 12, 1538-1544 (2012).

Lee, Y. H. et al. Synthesis and Transfer of Single-Layer Transition Metal
Disulfides on Diverse Surfaces. Nano Lett. 13, 1852-1857 (2013).

Lin, J., Pantelides, S. T. & Zhou, W. Vacancy-Induced Formation and Growth of
Inversion Domains in Transition-Metal Dichalcogenide Monolayer. Acs Nano,
doi:10.1021/acsnano.5b00554 (2015).

Zhou, H. L. et al. Large Area Growth and Electrical Properties of p-Type WSe2

Atomic Layers. Nano Lett. 15, 709-713 (2015).

Yongji Gong et al. Nucleation Controlled Continuous Growth of Macro-

crystalline Transition Metal Dichalcogenide Layers, Advanced Functional
Mateirals, Accepted (2015)

89

Chapter 3

Alloying 2D Materials

3.1. Topochemical conversion of graphene to hexagonal
boron nitride
This sub-chapter was mostly copied from reference 35.

3.1.1. Introduction

Graphene and hexagonal boron nitride (h-BN) are iso-structural two-

dimensional materials with hexagonal honeycomb lattice atomic layers.1,2 In spite of
their structural similarities, the two materials are completely distinct electrically:

graphene is a good conductor and h-BN is a good insulator.3-6 Recently several
attempts have been made to build graphene devices on h-BN substrates to exploit

their complementary properties.7-10 Progress in this direction has been limited by

difficulties in achieving scalable growth of uniform h-BN layers using chemical
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vapor deposition, a technique used to deposit high quality graphene layers.11-19
There have also been attempts to co-deposit graphene and h-BN domains to build

seamless atomic layers and create hybrid two-dimensional h-BNC materials.10-22
Herein we demonstrate a high temperature topochemical conversion reaction which

systematically converts the hexagonal networks of carbon in graphene layers to hBN, making it possible to produce uniform h-BN and h-BNC structures without

disrupting the structural integrity of the original graphene atomic monolayer
templates.23,24 We are able to synthesize high-quality atomic-layer films with BN
atomic ratios ranging from 0 to 100%.18,19,25 Physical properties, including the sheet

resistances, carrier mobilities, and band-gaps of these films, can be linearly tuned

from conductor to semiconductor to insulator. By combining this technique with

lithography we are also able to locally induce this conversion at the nanometer scale,
enabling the fabrication of h-BN/BNC/graphene composite in-plane atomic layer
structures. The ability to use high quality graphene monolayers, readily available

today, as templates to controllably convert and build electrically heterogeneous

two-dimensional structures is an important step toward scalable synthesis of
atomically thin two-dimensional integrated circuits.
3.1.2. Results and discussion

To convert graphene to h-BN, solid boric acid powders are preloaded to the

heating zone inside a quartz vacuum tube supplied with a flow of mixed ammonia
and argon gas. Complete-conversion from graphene to h-BN typically requires two

hours at 1000 °C (See Methods). The proposed reaction formula and detailed
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nucleation energetics have been provided in the Supplementary Information. During
the conversion, boron and nitrogen atoms gradually replace carbon atoms in the

lattice until a highly conducting graphene film is completely converted into
insulating h-BN atomic layer. If the conversion reaction is stopped in less than two

hours, partially converted h-BNC with variable BN concentration is obtained. The
intermediate state in which B, C and N atoms co-exist in the lattice exhibits the
typical semiconducting properties of h-BNC films.

Figure 3.1-1. Optical images, Raman and XPS spectra of graphene, h-BNC (with
35% BN) and h-BN layers. (a) – (c) Optical images of graphene, h-BNC and hBN, respectively. The color of pristine graphene is light purple. B and N
substitutions will change the color from purples to blue for the fullyconverted h-BN. (d) and (e) Raman spectra of graphene, h-BNC and converted
h-BN samples. There is no D peak in pristine graphene (blue). The h-BNC
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layers have D, G and 2D peaks, which contain signals from both graphene (D
mode, ~1350cm-1) and h-BN (E2g mode, ~1370cm-1). The 2D and G peaks
disappear in the fully converted h-BN. The peak at ~1370 cm-1 corresponds to
the E2g vibration model of h-BN. (f) – (h) The 1s core level XPS spectra of
carbon, boron and nitrogen, respectively. The black, red, and blue lines are
associated with graphene, h-BNC and h-BN, respectively.
For the pristine graphene, converted h-BNC, and fully converted h-BN films

shown in Fig 2.1-1a-1c, the carbon concentrations are 100%, 65% and 0%,

respectively. The change in composition is directly reflected in the sample color,

changing from light purple to light blue in the optical micrographs.17 The three
structures have distinct Raman signatures (Fig. 2.1-1d). The high quality of the
single-layered CVD graphene has been confirmed by the peak positions of the G and

2D bands (1580 cm-1 and 2700 cm-1), the near absence of D band,26,27 the ratio of

2D/G intensity (>4.0) and the STEM characterizations (Fig. 2.1-2b). For the
intermediate state h-BNC film, D mode (~1350 cm-1) from graphene and E2g mode

(~1370 cm-1) from h-BN contributed to a peak at 1363cm-1 (Fig. 2.1-1e). A shoulder

of the G peak at 1610 cm-1 is also observed.20 For fully converted h-BN films, only

the E2g peak is detected at ~ 1370 cm-1 and no 2D or G peaks are observed,

demonstrating nearly complete carbon atom substitution.15,28 The full width at half

maximum (FWHM) of the E2g peak in the h-BN is ~12 cm-1, suggesting that the

overall quality of the converted h-BN films is better than that of films made by direct
CVD-growth on copper foils (~16 cm-1),15 and is comparable to that of mechanically

exfoliated h-BN films (10 ~ 12 cm-1).28 X-ray photoelectron spectroscopy (XPS) was

employed for chemical analysis of the pristine graphene template and the converted
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h-BNC and h-BN as illustrated in Figs. 2.1-1f-1h. The calculated C, B and N atomic

ratios for the three benchmarks are 100:0:0, 65:17:18 and 0:50:50, respectively. As
the intensity of carbon (~284 eV) falls with lower carbon concentrations, the
intensities of B (~190 eV) and N (~398 eV) rise.

Figure 3.1-2. Schematic, STEM imaging and EEL spectra of graphene and
converted h-BN. (a) and (d) Schematic of graphene and h-BN. The carbon,
nitrogen and boron atoms are in grey, blue and green, respectively. (b) An
atomic resolution STEM-ADF image of the graphene sample before conversion.
(c) A corresponding EEL spectrum of graphene. (e) Atomic resolution STEMADF image of highly crystallized double layer h-BN converted from graphene.
The darker area in the center corresponds to single-layered h-BN, showing the
presence of single nitrogen atom (brighter one) and boron atom (darker one);
this is further verified by intensity profile (insert in Fig. 2.1-2f) of the atoms
across the yellow dashed line shown in (e). (f) A corresponding EEL spectra of
the converted h-BN.
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The quality of prinstine graphene and fully-converted h-BN films are further

characterized by aberration-corrected scanning transmission electron microscopy
(STEM) annular dark field (ADF) imaging and spectroscopy analysis. Schematic of
graphene and full-converted h-BN are shown in Figs. 2.1-2a and 2d, while Figs. 2.1-

2b and 2e present the atomic resolution STEM-ADF images of both samples. The

darker area in the center in Fig. 2.1-2e corresponds to single-layered h-BN, with the
bottom layer of the double-layered converted h-BN partially peeled off by the

electron beam, showing the clear presence of nitrogen atom (brighter one) and
boron atoms (darker one) as marked with white circles in the inset. This is further

demonstrated by image intensity profile (insert in Fig. 2.1-2f) of the atoms across

the yellow dashed line, which shows signal corresponding to the superposition of
boron and nitrogen atoms in the double layer area and signal from single nitrogen

and boron atoms in the single layer area (dark region). Electron energy loss spectra
(EELS) acquired from the regions shown in Fig. 2.1-2b and 2.1-2e further confirm

that the graphene film was fully converted to h-BN (Fig. 2.1-2c and 2f). Most of the
converted h-BN films were found to be single-layer or bi-layers by examining their

edges, which is consistent with the atomic force microscopy (AFM) results.27,28 We
noticed that, under low BN concentration, the h-BNC film looks uniform under

optical and electron microscopes. Increasing the reaction time and BN concentration
will lead to the formation of h-BN nanodomains. The nanodomains in converted h-

BNC are observed by the STEM-ADF imaging and elemental mapping. At even higher

BN concentration, the h-BN domains grow larger. Some of them merge into micro-
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scale h-BN islands, as identified by the Raman spectra. We attribute this tendency to

the lower interfacial energy induced by larger BN islands, whose interface lengths
can be shorter than that of the separated BN domains, as will be discussed later.

Figure 3.1-3. Mechanism for the substitution from graphene to h-BN. The
carbon, nitrogen, boron, oxygen and hydrogen atoms are in grey, blue, green,
red and white respectively. (a) CVD graphene with adsorbed OH groups,
introduced either from dissociated boric acid or intrinsic in graphene. (b)
Substituting OH-adsorbed C atoms with N atoms. (c) Nucleation of BN domain
from the embedded N atoms by BN substitutions, releasing a C2H4 molecule at
each step. (d) Initial BN domains prefer a triangle shape. (e) Further growth
gets the BN domains in an irregular shape by merging with neighboring
domains. (f) BN domains merge to achieve fully converted h-BN.
The detailed nucleation process of the BN domains are carefully studied by

intensive density-functional theory calculations. Our calculations reveal a two-step
mechanism for the conversion of graphene to h-BN, as illustrated in Figure 2.1-3a-3f

by showing several typical snapshots through the conversion process. The first step
refers to the inclusion of nitrogen or boron atoms in graphene, which energetically
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prefers to occur around structural imperfections in graphene, such as the defects,

edges and functionalized carbon atoms by hydroxyl groups. The high quality of

graphene samples suggests that the functionalized carbon atoms should dominate
the inclusion, especially considering that hydroxyl groups can be continuously

introduced from the feedstock (the dissociation of boric acid) and silica substrates,
29

and extensively stick onto graphene30; so only hydroxyls are shown in Figure 2.1-

3a. For the hydroxyls, we find that nitrogen atoms become highly favorable to

substitute the functionalized carbon atoms while boron atoms remain unfavorable,
in agreement with our XPS analysis that only nitrogen can be found in graphene if
the reaction was stopped at the very initial step. Then, the second step is the

nucleation of h-BN around the embedded nitrogen atoms. Indeed, the subsequent
substitution of a boron atom or a BN pair becomes much easier around the

embedded nitrogen atoms than does in the bulk graphene area. To simplify the

discussion, we take the BNH4 group as a representative source to investigate the

thermodynamic growth of the BN domains in graphene. The substitution at each

step can be either exothermic or endothermic, determined by the step-by-step
increase in the length of BN-graphene interface. The optimal substitution pathway

should always take a way that minimizes the total interface length, or with
minimum number of B-C and N-C bonds. As a result, the initial tiny BN domains
prefer to adopt a triangle shape (Fig 2.1-3c, d), at many random locations on the

graphene template, rendering the h-BNC a spatially well-dispersed phase, but they
could rapidly coarsen into an irregular shape by merging with neighboring domains
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through continually supplying BN sources and longtime reaction (Fig 2.1-3e); the

latter is more frequent in our experiments under high BN concentrations. The

merging of BN domains reduces the interface energy, thereby enhancing the
substitution and expediting a conversion into h-BN (Fig 2.1-3f). Total enthalpy of the

reaction at our experimental condition, obtained from the formation enthalpy of
products and reactants in the formula shown in Supplementary Information,

amounts to the order of 275 KJ/mol; thus, the BN conversion is an endothermic

reaction that needs to be activated by the larger entropic contribution from the
products at sufficiently high temperatures.

This proposed mechanism can be supported by the complementary

characterizations, such as XPS, Raman spectrum, optical and SEM imaging. The h-

BNC films with well dispersed tiny BN domains are often observed at low BN

concentrations. Under a high BN concentration, clear h-BN domains can be seen. The

optical bandgaps (~ 2 eV) from graphene and h-BN (from 4 to 6 eV) can be derived
from the UV spectra. Similar optical bandgap has also been found previously in
heterogeneous h-BN/graphene film grown by CVD method.32 These results suggest

that our h-BNC film undergoes a change in morphology from spatially well-

dispersed phase into in-plane hybrid structures rich of BN domains as the BN
concentration increases, qualitatively consistent with our theoretical models.

Decreasing the BN concentration reduces the insulating bandgap of h-BN domains,

due to the enhanced conjugation effect of the surrounding graphene areas. In
contrast, increasing the BN concentration shrinks the graphene size, and endows the
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graphene areas with enhanced quantum confinement effect, which increases the
band gap of graphene areas. Fractions of graphene strips can be found imbedded
between h-BN domains from STEM imaging.

Figure

3.1-4.

Construction

of

graphene/h-BNC/h-BN

in-plane

2D

heterostructures. (a) to (d) Schematics of the spatially-controlled conversion
process of graphene into h-BN. (a) Transfer graphene onto a high-resistance
intrinsic silicon wafer as a media substrate. (b) Deposit 50 nm SiO2 with predefined patterns on top of the graphene. (c) Transfer the whole chip into a
CVD furnace for conversions. (d) Wash away the SiO2 masks by buffered HF
solutions and transfer the films via PMMA-KOH lift-offs onto other substrates.
(a), (b) and (e)-(h) Two-step process that converts graphene into a
graphene/h-BNC/h-BN heterostructure thin film. The first cycle (a) to (b) is
identical to the steps explained previously, except that it stops at a partialsubstitution intermediate state. (e) h-BNC surrounds a mask-protected
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graphene region. The second cycle starts with a new mask that protects
regions where h-BNC needs to be preserved (f), and finishes the conversion
until a perfect h-BN film is formed in the defined region (g)-(h). (i) Schematic
of graphene/h-BN strip. (j) Optical image of graphene/h-BN alternative strips
on SiO2 substrate. (k) Raman mapping at 2D peak (2700 cm-1) of the marked
area in (j). (l) Schematic showing the proposed atomic structure of a
graphene/BNC/h-BN strip. (m) Optical image of graphene/h-BNC/h-BN
alterative strips synthesized by this two-step conversion. Raman mapping of
the squared area from the 2D peak (2700 cm-1) is shown in (n).
Spatially controlled conversion can be achieved by using lithographically-

defined silica masks (Fig. 2.1-4a-4h). First, we transfer pristine graphene onto a
high-resistance silicon wafer as a media substrate (Fig. 2.1-4a). Then, a 50 nm layer
of silica with pre-defined patterns is deposited atop the graphene by lithography

process (Fig. 2.1-4b). After that, the whole chip is placed into a CVD furnace to apply

the conversion reaction. Only the exposed graphene areas are converted while the
areas covered by silica remain intact as graphene during the reaction (Fig. 2.1-4c).

Once the conversion is complete, the silica mask is removed by HF solutions, and the
films are transferred by PMMA onto other substrates (Fig. 2.1-4d). During

conversion, the concentration of h-BN can be well controlled via the reaction time. A

two-step template conversion process will convert pristine graphene into an inplane graphene/h-BNC/h-BN heterostructure layer. Starting from the partially
converted graphene/h-BNC (Fig. 2.1-4e), another mask is then fabricated to cover

parts of the h-BNC region, and a second conversion undertaken to obtain h-BN area
in the uncovered areas (Fig. 2.1-4f, g). Etching away the two masks using HF
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solutions, the preserved regions of graphene and h-BNC would serve as conducting
and semiconducting regions embedded inside the passive h-BN lattices (Fig. 2.1-4h).

Multiple conversion cycles further broaden the range of achievable complex
heterostructure 2D layers containing graphene, h-BNC and h-BN layers. These

patterns can be utilized in complex circuitry applications as shown in latter demos.
Figures 2.1-4i and 4j are the atomic schematic and an optical image of a graphene/h-

BN alternative strip synthesized by the conversion method and transferred onto

285 nm SiO2 substrate. The widths of the graphene and h-BN ribbons are ~6 µm and
~3 µm, respectively. Graphene and h-BN domains, distinguished by color (Fig. 2.14j), are nicely integrated in this approach. Raman mapping (Fig. 2.1-4k) of the 2D

peak (2700 cm-1) was performed at the marked area in Fig. 2.1-4j. The bright

regions indicate a high intensity of the 2D peak from graphene, while no 2D peak
was found in the black regions where graphene was fully converted to h-BN.28

Figure 2.1-4l shows the atomic structure model of a graphene/h-BNC/h-BN hybrid

strip, which is exemplified in Fig. 2.1-4m by the optical image of a hybrid strip

synthesized by the two-step template conversion process. The width of the strips is
~12 µm. In the Raman mapping of the highlighted area (Fig. 2.1-4m, n) with the 2D

peak (2700 cm-1), graphene, h-BNC and h-BN strips can be clearly seen as uniform

domains with sharp interfaces between mask-defined regions, although the contrast
between h-BN and h-BNC is relatively low in the optical image. Note that the h-BNC

region exhibits a 2D Raman peak intensity between that of the surrounding

graphene and h-BN material, consistent with our previous experiments.
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Complicated graphene/h-BN heterostructures, such as an Owl (the logo of Rice
University), can be fabricated, demonstrating that this versatile lithography-

compatible conversion method can enable a much more complicated design.

Furthermore, heterostructures with feature size less than 100 nm are demonstrated
using the e-beam lithography defined masks. The as-prepared hybrid layers can be

readily transferred onto flexible substrates, such as PDMS, showing promising
application in flexible electronics.

Figure 3.1-5. Performance of h-BNC based field-effect. (a) Optical image of
graphene/h-BN FET arrays before depositing the contacts. Each FET consists
of a 1 µm×8 µm ribbon bridging six 100 µm×100 µm graphene pads. Inset is
the graphene ribbon under test and the scale bar is 2 µm. (b) Plot of the
resistance versus the concentration of carbon showing the transition from a
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metal and semiconductor-like film to an insulating film. Insets: I-V curves
from different samples as the arrow indicated. (c) Plot of the mobility and
ON/OFF ratio versus the carbon concentration. (d) Comparison of FET
performance of h-BNC with other 2D materials such as graphene, transition
metal dichalcogenides (TMDs) such as MoS2. Twenty data points for the
present study are shown in red stars.
Figure 2.1-5 presents the electrical transport measurement of graphene and

the h-BNC and h-BN films prepared by this conversion method. Graphene/h-BN FET
arrays are shown in Fig. 2.1-5a before depositing contacts. The inset is a close-up of
the source-drain carrier-transportation channel. The evolutions of electric
parameters such as electric resistivity, mobility and ON/OFF ratio of the FETs have
been systematically measured and plotted in Fig. 2.1-5b and 5c. In a complete

conversion cycle (atomic concentration of carbon decreases from 100% to 0), the

resistivity of h-BNC first increases slightly and then goes up exponentially. An

inverse tendency arises in the mobility. The source-drain current ON/OFF ratio goes

up initially followed by a decrease at ~ 60% carbon concentration. Such
dependencies can be well correlated with the conversion picture we proposed

above. In the case of slightly converted h-BNC, h-BN nucleates at the hydroxyl-

functionalized carbon (Fig. 2.1-3a-3c). The changes in the electric parameters imply
a weak n-doping effect from the embedded N atoms or tiny h-BN domains. If we

keep the substitution reaction going, graphene will shrink into interconnected strips
delimited by the h-BN domains (Fig. 2.1-3d). These quasi-one-dimensional strips
provide not only paths for transport channels, but a narrow-bandgap corresponding

to a high ON/OFF ratio. With increasing BN concentration, the enhanced
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confinement effect in the graphene channels will partly degrade the mobility in

graphene. A good compromise between mobility and ON/OFF ratio is observed in
the h-BNC with ~60% carbon. Higher BN substitution will undermine the charge
transport, as graphene channels are disconnected into nanodomains embedded in a

h-BN matrix (Fig. 2.1-3e). The charge transport of this disordered system is likely
dominated by a thermal activated variable-rang hopping mechanism, leading to an

exponential increase of the resistivity of the h-BNC films (Fig. 2.1-5b). Finally, the
mobility and ON/OFF ratio drop down to zero simultaneously when the graphene
have been fully converted to h-BN. In other words, the h-BNC film undergoes the

transition from metal-like, to semiconducting-like, and to an insulating behavior

following the conversion. They are further supported by I-V curves (insets in Fig.
2.1-5b). Low BN concentration leads to an Ohmic contact while source-drain current
can be hardly detected at high concentration.

Most of the graphene FETs show mobilities in the range from 2500 to 4500

cm2V-1s-1(Fig. 2.1-5c), comparable to results reported for other CVD-grown

polycrystalline graphene tested by back-gating configurations.33-35 For the h-BNC
films with 60% carbon, most of the FETs show mobilities in the range from 1000 to
1550 cm2V-1s-1 and ON/OFF ratio from 300 to 700. Compared with other 2D

materials, our h-BNC films realized a good tradeoff between high on-off ratio and
acceptable carrier mobility (Fig. 2.1-5d, red stars for our data). The reasonable

mobility and ON/OFF ratio in our h-BNC FET devices serve as an important step
forward for graphene-integrated circuitries.34-35

104

3.1.3. Conclusion
In conclusion, we have demonstrated a novel synthesis method based on

monolayer graphene template conversion which enables the controlled conversion
of conducting graphene into semiconducting ternary h-BNC and insulating h-BN,

using a high temperature topochemical conversion technique. The large-area films

made by this method are highly crystalline, and are able to preserve the electronic
characteristics of graphene, h-BNC and h-BN in the same film with our templatebased conversion method. Intensive first-principles calculations further reveal a

novel reaction mechanism based on two-step nucleation of BN domains for this
conversion. In addition, we have demonstrated functional devices based on the
heterostructure layers made from conversion of graphene and transferred them

onto multiple substrates. This work should allow exploration of new device
architectures and synthesis strategies based on combining graphene, h-BN and h-

BNC as the metal, semiconductor, insulator components of atomically thin circuit
platforms.

3.1.4. Methods
The substitution reaction is carried out in a quartz tube under high

temperature. Graphene grown on copper foils is first transferred onto high-

resistance intrinsic silicon substrates and then loaded into a vacuum quartz tube.

The tube is pumped down to 60 mTorr with pure Argon flows for 15 min. Then the
whole tube is heated up to 1000 °C in 40 min and then kept at 1000 °C when the
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reaction starts. Solid boric acid powder is pre-loaded in a boat inside the tube and
heated up to 300-600 °C separately by heating wires surrounding the tube as a

boron-releasing zone. Meanwhile 50 sccm ammonia gas flows as the source of
nitrogen. Normally a reaction of 0.5 hour leads to a 50% conversion, and a 2 hours

reaction will completely convert graphene to h-BN. After the reactions, the films are
washed by 80 °C hot water twice in order to remove the boric acid or boron oxide

residues on the surface. Finally, the film-on-silicon are coated by poly(methyl
methacrylate) (PMMA) and then etching lifted-off by 10% potassium hydroxide
(KOH) solution for further transferring.
3.1.5. Characterization

Atomic force microscopy (AFM, Agilent PicoScan 5500 and Veeco Digital

Instrument Nanoscope IIIA) is used to determine the surface morphology of the

samples. X-ray photoelectron spectroscopy (XPS) (PHI Quantera XPS) is performed

using monochromatic aluminum Kα X-rays. Raman spectroscopy (Renishaw inVia)

is performed at 514.5 nm laser excitation at a power of 20 mW. High resolution
transmission electron microscopy (HRTEM, JEOL-2100) is employed to study the

morphologies of h-BN and BNC layers at an accelerating voltage of 200 kV. The

STEM experiments are performed with a Nion UltraSTEM-100, at an accelerating
voltage of 60 kV. EELS are collected using a Gatan Enfina spectrometer, with an
energy resolution of 0.6 eV. The convergence semi-angle for the incident probe is 31
mrad. ADF images are collected for a half-angle range of ~54–200 mrad.
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3.1.6. Device Fabrication:
The films (graphene, h-BNC and h-BN) are transferred onto a highly-doped

silicon wafer with 300 nm SiO2, and then metal electrodes (1.5 nm Ti / 30 nm Au)

were deposited on the graphene pads. The devices are annealed in vacuum at 300 ˚C

for 0.5 hours. All electrical measurements are carried out in the probe-station along
with an Agilent B1500A Semiconductor Device Analyzer under high vacuum (10-5

torr). More than forty electrical devices were fabricated based upon the same

template conversion strategy with different heterostructure combinations and
circuitry designs.
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3.2. Band Gap Engineering and Layer-by-Layer Mapping
of Selenium-doped Molybdenum Disulfide
This sub-chapter was mostly copied from reference 40.

3.2.1. Abstract

Ternary two-dimensional dichalcogenide alloys exhibit compositionally

modulated electronic structure and hence, control of dopant concentration within

each individual layer of these compounds provides a powerful tool to efficiently

modify their physical and chemical properties. The main challenge arises when

quantifying and locating the dopant atoms within each layer in order to better
understand and fine-tune the desired properties. Here we report the synthesis of

molybdenum disulfide substitutionally doped with a broad range of selenium

concentrations, resulting in over 10% optical band gap modulations in atomic layers.
Chemical analysis using Z-contrast imaging provides direct maps of the dopant atom

distribution in individual MoS2 layers and hence a measure of the local optical band

gaps. Furthermore, in a bilayer structure, the dopant distribution is imaged layer-

by-layer. This work demonstrates that each layer in the bilayer system contains

similar local Se concentrations, randomly distributed, providing new insights into
the growth mechanism and alloying behavior in two-dimensional dichalcogenide

atomic layers. The results show that growth of uniform, ternary, two-dimensional

dichalcogenide alloy films with tunable electronic properties is feasible.
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3.2.2. Introduction
Two-dimensional van der Waals (2D-vdW) materials have attracted

considerable attention in recent years due to their fascinating properties,1-3 which

has led to the development of novel synthetic approaches for large scale preparation
of layered materials.4-6 However, in order to make these materials more versatile,

further modification of their physical and chemical properties is required. A possible
way to fine-tune these properties is via chemical doping. However, only a few

ternary vdW alloys have so far been realized by chemical doping.7, 8 Efficiently
quantifying the distribution of dopants at the atomic scale within layers, and
understanding their influence on the material properties still remain as key
challenges.

The isomorphism of the transition metal dichalcogenide (TMD) families (MX2,

M: Mo, W and X: S, Se, Te) makes them great candidates to form ternary vdW alloys

that will not suffer from phase separation. Molybdenum disulfide (MoS2) is a

representative member of the TMD family, consisting of two layers of sulfur atoms

and a layer of Mo sandwiched in between. Recently, this material has been re-visited

and highlighted because the unique band structure of monolayered MoS2, with its
breakdown of inversion symmetry, provides excellent opportunities for applications

in optical and electronic devices.9-12 Synthesis of large-area and high-quality MoS2
atomic layers has recently been reported.13-15 Theoretical investigations suggest

that the band structure of MoS2 could be tuned by substituting sulfur atoms with
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other chalcogen elements to form TMD alloys16. This enables a tunable mechanism

for varying the physical and chemical properties of MoS2.
3.2.3. Results and discussion

Here, we report a one-step direct synthesis of MoS2(1-x)Se2x atomic mono- and

bi-layers with tunable compositions on SiO2 by CVD. Both isolated triangular single-

crystal islands as well as continuous films could be grown by controlling the growth

parameters. We demonstrate that, through controlled selenium doping, the band
structure of MoS2 could be modified and the optical band gap could be continuously

tuned by over 200 meV. Using atomic resolution Z-contrast imaging, we

demonstrate direct atomic identification of Se dopants within the MoS2 lattice with

almost 100% detection efficiency. Furthermore, by combining a novel site
separation method and quantitative image intensity analysis, we have achieved

layer-by-layer visualization and quantification of the dopant distribution at the
single-atom level, and hence have been able to assign the local optical band gap, in

this 2D-vdW alloyed system. Our layer-by-layer quantitative dopant analysis reveals
that the two Se-doped MoS2 layers at AB stacking bilayer regions probably grow

simultaneously under our synthesis conditions, as opposed to the sequential growth
observed for bilayer graphene.17

In order to synthesize atomic layered MoS2(1-x)Se2x, sulfur and selenium fine

powder are mixed as the chalcogen sources (S and Se), while molybdenum oxide

powder is used as the Mo source. Monolayer and bi-layer MoS2(1-x)Se2x are directly
grown on SiO2 via CVD at ~ 800 oC (Fig 2.2-1a). The as-prepared samples with a

113

variety of morphologies are depicted in Fig. 2.2-1b-d. By prolonging the growing

time, nucleation of a high density of domains results in merged triangles and
continuous films (Fig. 2.2-1c-d). The MoS2(1-x)Se2x nucleation sites are noticeable in
some triangles, and some bilayer regions are also found (dark purple in Fig. 2.2-1d),

similar to what has been observed in the growth of pristine MoS2.14, 15 The size of the
as-prepared single-crystal domains and continuous films is of the order of a few tens

(Fig. 2.2-1b and 1c) to hundreds of microns (Fig. 2.2-1d), respectively. Atomic force

microscopy (AFM) height topography confirms that most of the MoS2(1-x)Se2x films
are single-layered (Fig. 2.2-1e and 1g).

Figure 3.2-1. Synthesis and morphologies of MoS2(1-x)Se2x atomic layers. (a)
Controlled synthesis of MoS2(1-x)Se2x layers via CVD with S/Se powder
positioned in the low temperature zone as the source of chalcogens and MoO3
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located at the center of the tube as the Mo source. (b) – (d) Typical optical
images of monolayer and single-crystal domains, merged domains, and
continuous MoS2(1-x)Se2x (x=0.1) films, respectively. Additional layers are
found at triangle centers (b) and at the interface between merged triangles (d).
(e) AFM height topography of a MoS2(1-x)Se2x (x=0.1) monolayer single-crystal
triangle. (f) and (g) height and phase topographies of the edges in triangular
domains. Inset in (f) is the height profile showing the thickness of ~0.7 nm,
measured along the white line.

Figure 3.2-2. Band gap engineering of MoS2(1-x)Se2x atomic layers. (a) – (c) XPS
spectra of S 2p, Se 3d and Mo 3d core levels in the monolayer MoS2(1-x)Se2x with
different Se concentration (x= 0.1, 0.3, 0.50 and 0.75). (d) PL spectra of
pristine MoS2 (blue), MoS1.4Se0.6 (green) and MoS1Se1 (purple), MoS0.5Se1.5
(orange) and MoSe2 (red), respectively, measured with a 488 nm laser. Inset:
Red dots: The Se concentration dependency of the PL optical gap of MoS2(1x)Se2x

showing a linear decrease from ~1.85 eV (pure MoS2) to ~1.54 eV (pure

MoSe2). We multiplied the PL intensity of MoSe2 by 0.1 so that all the spectra
can be seen clearly. Green dots: calculated LDA band gap shows the same
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trend as the experimental optical gap (the similarity of values is coincidental
as the experimental gap is excitonic -- see text). (e-g) Optical image of MoS2(1x)Se2x triangles

and the corresponding PL intensity (f) and peak position (g)

mappings.
By changing the ratio of the S and Se powders during synthesis, the

concentration of Se in the MoS2 lattice can be well controlled from 0 to ~75%, as

confirmed by X-ray photoelectron spectroscopy (XPS) analysis. Figures 2.2-2a - 2c

plot the S 2p, Se 1s and Mo 3d spectra for MoS2(1-x)Se2x samples with 10%, 30%, 50%

and 75% Se doping. With increasing Se concentration, the intensity of S 2p peaks (~

162.3 and 161.2 eV) decrease while peaks from Se 3p3/2 (~ 159.8 eV) and Se 3d (~54
eV, Fig. 2.2-2b) appear and become dominant. The peaks of Mo 3d3/2 and 3d5/2 core

levels are located at ~ 231.5 eV and 228.3 eV, respectively, in agreement with values
from MoS2 and MoSe2 systems 18, 19.

We next use photoluminescence (PL) spectroscopy20 to examine the

modification of the optical (excitonic) gap in MoS2 as a function of Se doping. Figure

2.2-2d shows PL spectra of monolayer pristine MoS2 (blue), 30% Se doped MoS2
(MoS1.4Se0.6, green), 50% Se doped MoS2 (MoS1Se1, purple), 75% Se doped MoS2
(MoS0.5Se1.5, orange), and MoSe2 (red). Only one dominant peak is observed in the
spectra from Se-doped samples, suggesting that there is no separation of doped- and
undoped-MoS2 domains in the sample within the size of the optical probe (~ 500

nm). As the Se concentration increases, a noticeable red-shift in the peak position
from 670 nm to 805 nm is observed, corresponding to an optical gap change from

1.85 eV to 1.54 eV. This correlation is plotted as an inset in Fig. 2.2-2d, where the Se
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concentration dependence of the optical gap (red dots) can be linearly extrapolated
to pure MoSe2 (100% Se) with an optical gap of ~1.60 eV. The optical gap values at

the MoS2 and MoSe2 cases, 1.85 and 1.6 eV, respectively, are in excellent agreement
with published theoretical values.21, 22 These calculations used the GW scheme to
correct the band gap obtained in the local-density approximation (LDA) and then
included excitonic effects via the Bethe-Salpeter equation (BSE). In Fig. 2.2-2d, we

also show the variation of the LDA bandgap across the range of Se concentrations
(Se%), revealing the same trend as the optical (excitonic) gap. It is a mere

coincidence, however, that the LDA band gap has roughly the same value as the
excitonic gap. The similarity of the trends reveals that the GW+BSE correction is
roughly independent of Se%. Figure 2.2-2d further shows that, for high

concentrations of Se in MoS2, the PL intensity decreases, possibly due to the
increased local electronic states within the samples, as predicted by density-

functional theory (DFT) calculations.16, 23 An optical image and the corresponding PL

intensity and peak position mapping of a typical MoS2(1-x)Se2x triangle are shown in

Figs. 2.2-2e to 2g, respectively. It can be clearly observed from Fig. 2.2-2g that, at a
given Se concentration, the optical band gap of MoS2(1-x)Se2x varies slightly (typically

~30 meV) at the micron scale within the triangular crystal, thus suggesting the

presence of some compositional fluctuations within the MoS2(1-x)Se2x sample (some
other effects may also contribute to the PL peak shift at the edge of the triangles).

The MoS2(1-x)Se2x alloy is also characterized by Raman spectroscopy. The vibration

modes from both MoS2 and MoSe2 can be identified. In addition, our measurements
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suggest that MoS2(1-x)Se2x based field-effect transistors (FETs) have a comparable

mobility (3.8 to 15.3 cm2/Vs) and ON/OFF ratio (106) to high-quality MoS2 FET
devices.

In order to quantify the local Se concentration at the nm-scale and map out

the atomic distribution of Se dopants, we performed atomic annular dark field (ADF)
imaging, also known as Z-contrast imaging, on an aberration-corrected scanning

transmission electron microscope (STEM)24, operating at 60 kV (See supplementary

information for experimental details). ADF imaging has been demonstrated to be an
efficient way for atom-by-atom chemical analysis in monolayer materials7,

25-28,

since the image intensity is directly related to the atomic number of the imaged

species.25, 29 Figures 2.2-3a and 3b compare ADF images from monolayered pristine

MoS2 and Se-doped MoS2 with about 12% local Se concentration (with respect to the

total amount of chalcogen atoms). The ADF image from pristine MoS2 (Fig. 2.2-3a)

shows an alternating atomic arrangement of Mo and S2 sites in the hexagonal lattice,

with Mo atoms being brighter than the S2 sites. In contrast, with Se dopants, some

“S2” sites become much brighter and display intensities close to or even higher than
the Mo sites (Figs. 2.2-3b and 3c), while the intensities of the Mo sites remain

unchanged. Quantitative image intensity analysis and image simulations (Fig. 2.2-3d)
demonstrate that the higher image intensity at the S2 sites arises from Se

substitution. S2 sites with single Se substitution (i.e. Se+S, highlighted in green in Fig.

2.2-3c) have image intensity slightly lower than that of a single Mo atom; while
double substitution sites (i.e. Se2, highlighted in cyan in Fig. 2.2-3c) are brighter than
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Mo. Statistics of the image intensity from Mo and S2 sites are provided in Fig. 2.2-3e.

In order to examine the doping at the different sites, here the Mo and S2 sites are

analyzed separately (see Methods). The histogram from pristine MoS2 (left panel in
Fig. 2.2-3e) shows only one intensity peak for the Mo sites and one main peak for
the S2 sites with a small tail at half-intensity arising from S2 sites with mono-sulfur

vacancies27. The histogram from Se-doped MoS2 (right panel in Fig. 2.2-3e), however,

shows an additional peak for the S2 sites with single Se substitution, at about the

same brightness as the Mo intensity peak, with a few double Se substitution sites

displaying higher intensity than Mo. No change is observed for the image intensity
distribution at the Mo sites, suggesting that Se substitution only happens at S sites.

Since the image intensities for S2, Se+S, and Se2 sites are well separated in the

histogram after site-separation, the distribution of these three types of sites can be
easily mapped out by selecting different ranges of image intensity in the histogram

(see Methods). This provides a quick and reliable way to perform Se dopant
mapping at a relatively large scale (64-1000 nm2 field of view per image) at the

single-atom level in a largely automatic fashion. The output of such an analysis
based on the ADF image shown in Fig. 2.2-3b is provided in Fig. 2.2-3f, where the

single Se substitution and double substitution sites are presented in bright green

and white, respectively. The local Se concentration, and thus the local optical band
gap based on the linear dependency shown in Fig. 2.2-2d, at the nm scale, could then
be calculated directly from the number of substitution sites.
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Figure 3.2-3. Atom-by-atom dopant analysis in monolayer MoS2. (a) ADF image
of pristine MoS2. (b) ADF image of Se-doped MoS2 with ~12% local Se
concentration. (c) Higher magnification ADF image showing Se dopants. The
green and cyan circles highlight single- and double-Se substituted S2 sites,
respectively. (d) Comparison of experimental and simulated image intensity
line profiles from single- and double-Se substitution at S2 sites. The
experimental profiles were obtained along the green and cyan dashed lines in
(c). (e) Site-separated image intensity histogram analysis of pristine and Sedoped MoS2 monolayers. The dashed lines are Gaussian fits to the intensity
peaks. The analysis for Se-doped MoS2 was based on the image shown in (b);
while the analysis for pristine MoS2 was obtained from an ADF image with
larger field of view. (f) Structure model obtained from histogram analysis
showing the distribution of single- and double-Se substituted S2 sites. The
local Se concentration is ~12%, corresponding to an optical band gap of ~1.79
eV. Red: Mo sites; dark green: S2 sites; bright green: Se+S sites; white: Se2 sites.
In order to understand the growth mechanism and properties, it is of

particular importance to obtain the Se distributions in each MoS2 layer in the bilayer
regions in our CVD-grown sample. For example, a material in which subsequent
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atomic layers have different dopant concentrations might have very different
properties from an alloy of equivalent layers. Atom-by-atom chemical analysis via

quantitative ADF imaging, however, is very challenging for samples thicker than a

monolayer, due to the overlap of atoms in different layers25, 26. An example of a Se-

doped MoS2 bilayer is shown in Fig. 2.2-4a, where diverse levels of image contrast
can be observed at the atomic sites, thus making the image difficult to interpret
visually. We notice that the bilayer regions in our CVD-grown MoS2(1-x)Se2x are

predominantly AB stacking (Fig. 2.2-4b and 4c), which can be separated into three

distinct types of atomic sites: S2 sites in the A layer, Mo sites in the B layer, and Mo
in the A layer plus S2 sites in the B layer (labeled as sites 1, 2, and 3 in Fig. 2.2-4b),

where we use “A” and “B” as relative notations. With this site separation, the S2 sites

in the A and B layers can be distinguished and analyzed individually. The siteseparated histogram obtained from Fig. 2.2-4a is shown in Fig. 2.2-4d. Three

intensity peaks were observed for both site 1 and site 3, corresponding to S2, Se+S

and Se2, respectively, at the dichalcogen sites in each layer. By selectively
considering each intensity peak for site 1 and site 3, the distribution of these three
types of dichalcogen sites in the two MoS2 layers can be mapped out individually.

The outputs of this layer-by-layer site-separated dopant analysis are shown in Fig.

2.2-4e and 4f, where the atomic positions of site 3 represent Mo sites in the A layer,

and the atomic positions of site 2 are Mo sites in the B layer. The in-layer local Se
concentration can then be quantified from these two outputs.
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Figure 2.2-4g summarizes the local Se concentration and the corresponding

optical band gap in the A and B layers in seven random bilayer regions (with no

direct spatial correlation with the regions examined by optical methods as

presented in Fig. 2.2-2), usually with an area of ~ 10×10 nm2 and ~50-200 nm apart,
in the same film. It is important to note that, at random bilayer regions, the
difference of the local Se concentration between layers is relatively small (green and

blue columns in Fig. 2.2-4g), with a mean variation of ~2%. In contrast, the local Se
concentration can change as much as 19% between different regions within the

same sample. This compositional variation is in general consistent with
observations from PL mapping (Fig. 2.2-2g) and Raman mapping; however, the

spatial resolution obtained from direct ADF imaging is on the 10 nm level, much

higher than with the PL mapping. The fluctuating flow rate of Se vapor evaporated

from the Se powder may be responsible for the variation of the local Se

concentration. Furthermore, our calculations show that Se diffusion between MoS2
layers is orders of magnitude lower than diffusion within the same layer. Therefore,

the small inter-layer compositional variation, as compared to the large interregional variations, suggests that the two Se-doped MoS2 layers at the bilayer
regions most likely grow simultaneously, instead of sequentially, i.e. under similar

transient growth conditions, indicating the possibilities of layer-controlled growth
of ternary two-dimensional alloys.

Using this site separation and quantitative image intensity analysis method,

layer-by-layer quantification of dopant distribution can be achieved in bilayer 2D
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materials with single atom sensitivity and sub-nm depth resolution based on the

known symmetry of the crystal structure. This is a significant improvement as

compared with methods such as depth-sectioning30, 31 or tilt-tomography32, which
would be difficult to apply to large-size 2D materials. The accuracy of this analytical

method is estimated to be about 1-2% (see Supplementary Information for details),

which compares favorably to conventional chemical analysis methods such as X-ray

energy dispersive spectroscopy (XEDS), and electron energy-loss spectroscopy

(EELS), at this scale33. Moreover, by analyzing the site-separated image histogram,

several thousand atoms can be identified in a single analysis from a single ADF
image, which makes it a very dose-efficient way of performing atom-by-atom

chemical analysis compared to those techniques. Thus, it is particularly suitable for
high-spatial-resolution chemical analysis of electron beam sensitive 2D materials.
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Figure 3.2-4. Layer-by-layer dopant analysis in AB stacked bilayer MoS2 at the
single atom level. (a) Filtered ADF image of Se-doped bilayer MoS2 with AB
stacking. (b) Schematic of the three types of sites in AB stacked bilayer MoS2.
(c) A zoom-in view of the AB stacked Se-doped bilayer MoS2 exhibiting a wide
range of image contrast levels. (d) Site-separated image intensity histogram
analysis of the image shown in (a). The dashed lines are Gaussian fits to the
intensity peaks. (e, f) Structure model obtained from the histogram analysis
showing the distribution of single- and double-Se substituted S2 sites in the A
layer with 32% local in-layer Se concentration, and in the B layer with 28%
local Se concentration, respectively. Red: Mo sites; dark green: S2 sites; bright
green: Se+S sites; white: Se2 sites. (g) Inter-layer and inter-regional
compositional variations obtained from site-separated ADF image analysis.
The seven analyses, each containing between four and eleven thousand atoms,
were obtained from random regions in the same sample. The inter-layer
compositional variation has a mean value of ~2%, which is much smaller than
the inter-regional variations. (h, i) The alloying degree versus Se
concentration. Mo, S, and Se atoms are shown in purple, yellow and green,
respectively, in (b) and (h).
3.2.4. Conclusion
In summary, we have demonstrated a novel approach for preparing Se-

doped MoS2 atomic layers with controllable composition using chemical vapor

deposition. We show that the optical band gap of the material can be fine-tuned
between 1.85 and 1.60 eV by changing the Se concentration. The excellent transport

properties and control over the band structure of the material pave the way for
future investigation of physical properties and applications of MoS2(1-x)Se2x ternary
systems. A novel and robust ADF-imaging-based histogram analysis method has
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been developed for single layer and bilayer materials to map the distribution of
dopants with single-atom resolution and single layer discrimination. Our

quantification shows that the substitutional Se doping of MoS2 is random and
homogeneous at the nanoscale. This method could also be applied to other twodimensional systems.
3.2.5. Methods

In order to synthesize MoS2(1-x)Se2x, we adapted a technique developed for

the synthesis of MoS2 and WS2 and used a mixture of sublimated sulfur and

selenium powders.6, 14, 15 We positioned the chalcogen precursors upstream in the

low temperature zone of the furnace. Molybdenum oxide (MoO3) powder was used
as a precursor for molybdenum and was positioned on a SiO2/Si wafer close to the

designated growth substrate (also SiO2/Si) and in the center of the reactor, i.e. the

hot zone (Fig. 2.2-1a). Using a slow heating ramp of 40 oC/min, the system was
brought to the reaction temperature of ca. 800 oC. The S and Se sources start

evaporating and reacting with MoO3. These experiments were performed in an inert

quartz environment facilitated by a steady 100 sccm flow of Ar. The ratio between
Se and S was adjusted by changing the weight of Se and S.

Our calculations were performed using the plane wave code CASTEP,34 as

implemented in the Materials Studio, on 3×3 hexagonal cells under the Local Density
Approximation (LDA), considering the Ceperly-Alder-Perdew and Zunger (CA-PZ)35,

36

functional with 6×6×3 Monkhorst-Pack K-points and a plane waves cut off of 600

eV. All the structures were relaxed, including the cells, until the forces became
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smaller than 0.01 eV/Å and the energy tolerances were less than 5×10-6 eV/atom. It
is well known that DFT-LDA usually underestimates the true band gap; however, in

semiconducting transition metal dichalcogenides, the electronic gap obtained by

DFT-LDA is very close to the optical band gap obtained experimentally, and thus
can be used as an approximation.37 The intra-layer and inter-layer diffusion barrier

of the Se atoms in the MoS2 lattice were calculated using the nudged elastic band
(NEB) method38 implemented in the VASP package39 with dispersion-corrected (van
der Waals) functional, on 12×12 hexagonal cells and 6×6 hexagonal bilayer cells.

In order to determine the positions and types of the atoms, we used a

method based on an initial indication of the number of unit cells, their approximate
positions and atom locations within a unit cell, which are then refined in an iterative
manner. For each iteration the center �𝑥𝑗 , 𝑦𝑗 � of the intensity (I) for the j’th atomic

column

was

calculated

as �𝑥𝑗 , 𝑦𝑗 � = �∑𝑖 𝐼𝑖𝑖 𝑥𝑖𝑖 , ∑𝑖 𝐼𝑖𝑖 𝑦𝑖𝑖 �/ ∑𝑖 𝐼𝑖𝑖 where

the

denominator is the summed intensity, and the sums over i include all pixels within a
user-defined radius of the center from the previous step. This process gives a sub-

pixel estimate of the column position and since the intensity is averaged over
several pixels, it is less sensitive to noise than taking a single pixel maximum. This

procedure was typically iterated for about 20 steps and the convergence monitored.

After the process, atomic columns that were too far from the initial estimate were

treated as potentially unreliable. The histograms were plotted, and the intensity
values at which the columns are assigned as S2, S+Se, or Se2 for site 1 (or Mo plus S2,
S+Se, or Se2 for site 3) can be specified. Although the peaks in the histogram are
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distinctly separated, there could be some overlap between them and the area of this
overlap can be used to give an indication of the error in the assignment of the
dopants (see Supplementary Information for details).
3.2.6. References

1.

2.
3.
4.
5.
6.
7.

Chhowalla, M.; Shin, H. S.; Eda, G.; Li, L. J.; Loh, K. P.; Zhang, H. The chemistry

of two-dimensional layered transition metal dichalcogenide nanosheets. Nat.
Chem. 2013, 5, 263-275.

Xu, M.; Liang, T.; Shi, M.; Chen, H. Graphene-like two-dimensional materials.
Chem. Rev. 2013, 113, 3766-98.

Huang, X.; Zeng, Z. Y.; Zhang, H. Metal dichalcogenide nanosheets:
preparation, properties and applications. Chem. Soc. Rev. 2013, 42, 1934-

1946.

Li, X., et al. Large-area synthesis of high-quality and uniform graphene films
on copper foils. Science 2009, 324, 1312-1314.

Song, L., et al. Large scale growth and characterization of atomic hexagonal
boron nitride layers. Nano Lett. 2010, 10, 3209-3215.

Elias, A. L., et al. Controlled synthesis and transfer of large-area WS2 sheets:

from single layer to few layers. ACS Nano 2013, 7, 5235-42.

Dumcenco, D. O.; Kobayashi, H.; Liu, Z.; Huang, Y.-S.; Suenaga, K. Visualization
and quantification of transition metal atomic mixing in Mo1−xWxS2 single

layers. Nat. Commun. 2013, 4, 1351.

8.

Ci, L., et al. Atomic layers of hybridized boron nitride and graphene domains.

9.

Li, H., et al. Fabrication of single- and multilayer MoS2 film-based field-effect

10.

Nat. Mater. 2010, 9, 430-435.

transistors for sensing NO at room temperature. Small 2012, 8, 63-67.

Yin, Z., et al. Single-layer MoS2 phototransistors. ACS Nano 2011, 6, 74-80.

127

11.

Mak, K. F.; He, K.; Shan, J.; Heinz, T. F. Control of valley polarization in

12.

Eda, G.; Fujita, T.; Yamaguchi, H.; Voiry, D.; Chen, M.; Chhowalla, M. Coherent

13.
14.
15.
16.
17.
18.

monolayer MoS2 by optical helicity. Nat. Nanotech. 2012, 7, 494-498.

atomic and electronic heterostructures of single-layer MoS2. ACS Nano 2012,
6, 7311-7317.

Zhan, Y.; Liu, Z.; Najmaei, S.; Ajayan, P. M.; Lou, J. Large-area vapor-phase

growth and characterization of MoS2 atomic layers on a SiO2 substrate. Small
2012, 8, 966-971.

Najmaei, S., et al. Vapour phase growth and grain boundary structure of
molybdenum disulphide atomic layers. Nat. Mater. 2013, 12, 754-759.

van der Zande, A. M., et al. Grains and grain boundaries in highly crystalline
monolayer molybdenum disulphide. Nat. Mater. 2013, 12, 554-561.

Komsa, H. P.; Krasheninnikov, A. V. Two-dimensional transition metal

dichalcogenide alloys: stability and electronic properties. J. Phys. Chem. Lett.
2012, 3, 3652-3656.

Fang, W., et al. Rapid identification of stacking orientation in isotopically
labeled chemical-vapor grown bilayer graphene by Raman spectroscopy.

Nano Lett. 2013, 13, 1541-1548.

Bougouma, M.; Batan, A.; Guel, B.; Segato, T.; Legma, J. B.; Reniers, F.;
Delplancke-Ogletree, M.-P.; Buess-Herman, C.; Doneux, T. Growth and

characterization of large, high quality MoSe2 single crystals. J. Cryst. Growth

19.
20.
21.

2013, 363, 122-127.

Abdallah, W. e.; Nelson, A. E. Characterization of MoSe2(0001) and ionsputtered MoSe2 by XPS. J. Mater. Sci. 2005, 40, 2679-2681.

Sundaram, R.; Engel, M.; Lombardo, A.; Krupke, R.; Ferrari, A. C.; Avouris, P.;
Steiner, M. Electroluminescence in single layer MoS2. Nano Lett. 2013, 13,

1416-1421.

Conley, H. J.; Wang, B.; Ziegler, J. I.; Haglund, R. F.; Pantelides, S. T.; Bolotin, K.
I. Bandgap engineering of strained monolayer and bilayer MoS2. Nano Lett.
2013, 13, 3626-3630.

128

22.

Ramasubramaniam, A. Large excitonic effects in monolayers of molybdenum

23.

Chen, Y.; Xi, J.; Dumcenco, D. O.; Liu, Z.; Suenaga, K.; Wang, D.; Shuai, Z.; Huang,

24.

Krivanek, O. L.; Corbin, G. J.; Dellby, N.; Elston, B. F.; Keyse, R. J.; Murfitt, M. F.;

25.

and tungsten dichalcogenides Phys. Rev. B 2012, 86, 115409.

Y.-S.; Xie, L. Tunable band gap photoluminescence from atomically thin
transition-metal dichalcogenide alloys. ACS Nano 2013, 7, 4610-4616.

Own, C. S.; Szilagyi, Z. S.; Woodruff, J. W. An electron microscope for the
aberration-corrected era. Ultramicroscopy 2008, 108, 179-195.

Krivanek, O. L., et al. Atom-by-atom structural and chemical analysis by
annular dark-field electron microscopy. Nature 2010, 464, 571-574.

26.

Zhou, W.; Oxley, M. P.; Lupini, A. R.; Krivanek, O. L.; Pennycook, S. J.; Idrobo, J.

27.

Zhou, W., et al. Intrinsic structural defects in monolayer molybdenum

28.

29.

C. Single atom microscopy. Microsc. Microanal. 2012, 18, 1342-1354.
disulfide. Nano Lett. 2013, 13, 2615-22.

Yin, Z. Y., et al. Single-layer MoS2 phototransistors. ACS Nano 2012, 6, 74-80.

Krivanek, O. L.; Zhou, W.; Chisholm, M. F.; Idrobo, J. C.; Lovejoy, T. C.; Ramasse,

Q. M.; Dellby, N. Gentle STEM of single atoms: Low keV imaging and analysis

at ultimate detection limits. in Low Voltage Electron Microscopy: Principles
30.
31.
32.
33.
34.

and Applications (eds Bell, D. & Erdman N.) (Wiley-Blackwell, London, 2013).

van Benthem, K., et al. Three-dimensional imaging of individual hafnium
atoms inside a semiconductor device. Appl. Phys. Lett. 2005, 87, 034104

Allen, J. E., et al. High-resolution detection of Au catalyst atoms in Si
nanowires. Nat. Nanotech. 2008, 3, 168-173.

Midgley, P. A.; Dunin-Borkowski, R. E. Electron tomography and holography
in materials science. Nat. Mater. 2009, 8, 271-280.

Williams, D. B.; Carter, C. B., Transmission electron microscopy: A textbook for
materials science. 2nd ed.; Springer: New York ; London, 2009.

Clark, S. J.; Segall, M. D.; Pickard, C. J.; Hasnip, P. J.; Probert, M. I. J.; Refson, K.;
Payne, M. C. First principles methods using CASTEP. Zeitschrift für
Kristallographie - Crystalline Materials 2005, 220, 567-570.

129

35.

Ceperley, D. M.; Alder, B. J. Ground state of the electron gas by a stochastic

36.

Perdew, J. P.; Zunger, A. Self-interaction correction to density-functional

37.
38.
39.
40.

method. Phys. Rev. Lett. 1980, 45, 566-569.

approximations for many-electron systems. Phys. Rev. B 1981, 23, 5048-5079.

Ataca, C.; Şahin H.; Ciraci, S. Stable, single-layer MX2 transition-metal oxides
and dichalcogenides in a honeycomb-like structure. J. of Phys. Chem. C. 2012,
116, 8983.

Henkelman, G.; Uberuaga, B. P.; Jonsson, H. A climbing image nudged elastic
band method for finding saddle points and minimum energy paths. J. Chem.
Phys. 2000, 113, 9901-9904.

Kresse, G.; Hafner, J. Ab initio molecular dynamics for liquid metals. Phys. Rev.
B 1993, 47, 558-561.

Gong, Yongji, et al. "Band gap engineering and layer-by-layer mapping of
selenium-doped molybdenum disulfide." Nano letters 2013, 14, 442-449.

130

Chapter 4

2D Heterostructures

4.1. Vertical and In-Plane Heterostructures from
WS2/MoS2 Monolayers
This sub-chapter was mostly copied from reference 35.

4.1.1. Abstract

Layer-by-layer stacking or lateral interfacing of atomic monolayers has

opened up new unprecedented opportunities to engineer two-dimensional (2D)
heteromaterials. Fabrication of such artificial heterostructures with atomically clean

and sharp interfaces, however, is challenging. Here, we report a one-step growth

strategy for the creation of high-quality vertically stacked as well as in-plane

interconnected heterostructures of WS2/MoS2 via control of the growth
temperature. Vertically stacked bilayers with WS2 epitaxially grown on top of MoS2
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monolayer are formed with preferred stacking order at high temperature. Strong
interlayer excitonic transition is observed due to the type II band alignment and to

the clean interface of these bilayers. Vapor growth at low temperature, on the other

hand, leads to lateral epitaxy of WS2 on MoS2 edges, creating seamless and
atomically sharp in-plane heterostructures that generate strong localized

photoluminescence enhancement and intrinsic p-n junctions. The fabrication of
heterostructures from monolayers, using simple and scalable growth, paves the way

for the creation of unprecedented two-dimensional materials with exciting
properties.

4.1.2. Introduction
Heterostructures have been the essential elements in modern semiconductor

industry, and play a crucial role in high-speed electronics and opto-electronic
devices1,2. Beyond conventional semiconductors, two-dimensional (2D) materials

provide a wide range of basic building blocks with distinct optical and electrical

properties, including graphene3, hexagonal boron nitride4,5, and transition-metal
dichalcogenides (TMDs)6-9. These atomic monolayers could also be combined to

create van der Waals heterostructures, where monolayers of multiple 2D materials

are stacked vertically layer-by-layer, or stitched together seamlessly in plane to
form lateral heterojunctions. Many novel physical properties have been explored on
such van der Waals heterostructures, and devices with improved performance have

been demonstrated10-14. The lateral heterojunctions could also lead to exciting new

physics and applications. For example, the semiconducting monolayer TMDs can
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serve as building blocks for p-n junctions and other opto-electronic devices15-17.

However, the fabrication of 2D heterostructures with clean and sharp interfaces,
essential for preserving opto-electronic properties driven by the interlayer or
intralayer coupling, remains challenging. Van der Waals heterostructures could be

created by stacking different 2D materials using mechanical transfer techniques12.

However, the stacking orientation cannot be precisely controlled, and the interface
between layers can be easily contaminated18,19, not to mention the challenge for

massive production of the samples. Lateral heterostructures, in contrast, can only be
created via growth. Both vertical and in-plane heterostructures of semimetallic

graphene and insulating h-BN have been recently demonstrated via chemical vapor

deposition (CVD)20-24; however, direct growth of heterostructures consisting of

different semiconducting monolayers has not been achieved.
4.1.3. Results and discussion

Here, we report a scalable single-step vapor phase growth process for the

creation of highly crystalline vertical stacked bilayers and in-plane interconnected
WS2/MoS2 heterostructures, respectively, under different growth temperature.

Atomic resolution scanning transmission electron microscopy (STEM) imaging
reveals that high temperature growth yields predominantly vertically stacked

bilayers with WS2 epitaxially grown on top of the MoS2 monolayer, following the

preferred 2H stacking. In contrast, the low temperature growth creates mostly

lateral heterostructures of WS2 and MoS2 within single hexagonal monolayer lattice,

with atomically sharp heterojunctions along both the zigzag and armchair directions.
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The vertical and lateral heterostructures are further verified by Raman and
photoluminescence (PL) spectroscopy characterization. Strong interlayer or

intralayer excitonic interaction between MoS2 and WS2 are observed by PL

spectroscopy for the first time on these two types of heterostructures, owing to

their clean and sharp interfaces. Specifically, a new bandgap of 1.42 eV is observed
in the bilayer heterostructure, arising from the interlayer excitonic transition

between MoS2 and WS225,26; whereas a strong localized PL enhancement is observed

at the lateral interface between MoS2 and WS2, presumably due to the increased
excitonic recombination of the as-generated electron-hole pairs at the atomically
sharp interface27. These two types of heterostructures are further demonstrated to

be building blocks for high mobility field effect transistors (FET) and planar
monolayer p-n junctions, indicating their potential for constructing unique devices.
Figure

3.1-1I

shows

the

scheme

for

the

growth

of

WS2/MoS2

heterostructures. Molybdenum trioxide (MoO3) powder is placed in front of the bare
SiO2/Si wafer for the growth of MoS2, while mixed power of tungsten and tellurium

is scattered on the wafer for the growth of WS2. The addition of tellurium helps to

accelerate the melting of tungsten powder during the growth. Sulfur powder is put

upstream within the low temperature zone. Argon is used to protect the system

from oxygen and carry sulfur vapor from the upstream of the tube during the
reaction. The difference in their nucleation and growth rate gives rise to sequential

growth of MoS2 and WS2, instead of MoxW1-xS2 alloy, and the precise reaction
temperature determines the structure of the final product: vertical stacked bilayers
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are preferred at ~850 ˚C, while in-plane lateral heterojunctions dominate when the
synthesis was carried out at ~650˚C (see Methods for more details). A brief
discussion of the possible mechanism of the temperature-selective growth is
provided in the Supplementary Information. This simple, scalable growth process

creates clean interfaces between the two monolayer components, which is
advantageous over mechanical transfer of layers.

Figure 4.1-1. Schematic of the synthesis and the overall morphologies of the
vertical stacked and in-plane WS2/MoS2 heterostructures. (A-D) Schematic,
optical and SEM images of the vertical stacked WS2/MoS2 heterostructures
synthesized at 850 ˚C, showing the bilayer feature and the high yield of the
triangular heterostructures. (E-H) Schematic, optical and SEM images of the
WS2/MoS2 in-plane heterojunctions grown at 650 ˚C. (G) is an optical image of
the interface between WS2 and MoS2 with enhanced color contrast, showing
the abrupt change of contrast at the interface. SEM images are presented in
reverse contrast. The green, purple and yellow spheres in (A) and (E)
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represent W, Mo and S atoms, respectively. (I) Schematic of the synthesis
process for both heterostructures.
The morphology of the WS2/MoS2 vertical and in-plane heterostructures was

examined by optical microscopy, scanning electron microscopy (SEM), and atomic
force microscopy (AFM). Figures 3.1-1A - 1D are the schematic and typical optical
and SEM images of the vertical stacked heterostructures, showing individual

WS2/MoS2 bilayer triangles and high yield of heterostructures. The bilayers can be

easily distinguished from monolayers via optical contrast (Fig. 3.1-1B), with MoS2

monolayers showing light purple color and the bilayer regions in much darker

purple. The domain size of the bottom MoS2 layer is typically larger than 10 μm.
Both totally covered and partially covered WS2/MoS2 bilayer can be found,

providing different geometries for device fabrication. The schematic and
morphology of WS2/MoS2 in-plane heterostructures is shown in Figs. 3.1-1E - 1H,
where the lateral interface between monolayer MoS2 and WS2 can be easily
distinguished by the contrast difference. The difference in bilayer or monolayer

morphology of these two types of heterostructures is further verified by AFM
images.

The atomic structure of the vertical stacked WS2/MoS2 bilayers was studied

by Z-contrast imaging and elemental mapping on an aberration-corrected STEM

(see Methods). Figure 3.1-2A shows the morphology of the as-transferred stacked

WS2/MoS2 heterostructure in a low-magnified Z-contrast image, where the image

intensity is directly related to the averaged atomic number and the thickness of the
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sample28-30. A WS2 monolayer would, therefore, display higher image contrast than a
MoS2 monolayer, while the image intensity from the bilayer heterostructure is

roughly the sum of that from its two monolayer components. In order to highlight

the different regions in the sample, the image in Fig. 3.1-2A is shown in a false color
scale. Most of the sample is covered by continuous bilayer heterostructure (orange

region), while at some intentionally induced broken edges (see Methods) both of the
individual monolayers can be identified (with MoS2 shown in blue and WS2 shown

in green). Figure 3.1-2B shows a magnified image of the region highlighted in Fig.

3.1-2A. The obvious contrast step across the two individual layers, as shown by the

image intensity line profile in Fig. 3.1-2C, demonstrates the presence of separated

MoS2 and WS2 monolayers instead of a homogenous MoxW1-xS2 alloy. Elemental
mapping of Mo, W and S (Figs. 3.1-2D) from the same region unambiguously

confirms that MoS2 and WS2 are well separated into two atomic layers, forming
vertical bilayer heterostructures.
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Figure 4.1-2. STEM-Z-contrast imaging and elemental mapping of the stacked
WS2/MoS2 heterostructures. (A) Low-magnified false-colored Z-contrast image
of the sample, where monolayer MoS2 is shown in blue, monolayer WS2 in
green, and WS2/MoS2 bilayer in orange. (B) Zoom in view of the region
highlighted in (A). (C) Z-contrast image intensity profile along the highlighted
dashed line in (B), showing the distinct contrast variation among the different
monolayers and bilayer region. (D) Elemental mapping of Mo, W, and S from
the whole area shown in (B). (E) Z-contrast image of the bilayer region with
2H stacking orientation. The brighter columns are overlapping columns of W
and S2, while the less bright columns are overlapping of S2 and Mo. The green
arrow points to the atomic positions where W atom is replaced by Mo in the
WS2 layer, which has similar intensity to its neighboring site. Below: Image
intensity profile acquired along the yellow rectangle in (E). (F) Z-contrast
image of the step edge of the WS2/MoS2 bilayer. The green dash line highlights
the step edge, and the two triangles highlight the orientation of the MoS2 and
WS2 layer, respectively. Inset: FFT of the Z-contrast image showing only one

138

set of diffraction pattern. (G) Schematic of the 2H stacking in the stacked
WS2/MoS2 heterostructure.
Figures 3.1-2E and 2F show atomic resolution Z-contrast images from the

bilayer region and a step edge of the WS2/MoS2 heterostructure, respectively. The

alternative bright and dark atomic column arranging in the hexagonal lattice
suggests the as-grown stacked WS2/MoS2 heterostructure preserves the 3.1-2H

stacking, where the bright and dark columns are W and Mo atom aligned with a S2
column, respectively, as illustrated in Fig. 3.1-2G. The WS2/MoS2 heterostructure

grown by our one-step growth method is found to have predominantly the 2H

stacking, which exemplifies the advantage of this direct growth method over

mechanical transfer method where the stacking orientation of the heterostructure

cannot be well controlled. As a side note, Mo substitution in the WS2 layer can be
occasionally observed, as indicated by the reduced contrast at the W atomic sites

(green arrows in Fig. 3.1-2E and the associated intensity line profile). Similarly,
some trace amount of W atoms is also found to substitute into the MoS2 layer (Fig.
3.1-2F). However, the substitution is at a fairly low concentration (~ 3%), which
would only have minimum effect on the properties of the MoS2 and WS2 monolayers.
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Figure 4.1-3. Raman and PL characterization of the WS2/MoS2 vertical
heterostructure. (A) Optical image of a WS2/MoS2 heterostructure used for
Raman characterization. (B) Raman spectra taken from the four points
marked in (A), showing that the monolayer region is pure MoS2, while the
double layer area is the superposition of MoS2 and WS2 monolayers. (C, D)
Raman intensity mapping at 384 cm-1 and 357 cm-1, respectively. The lower
Raman intensity at the center of the triangle in (C) is due to the coverage of
WS2. (E) Optical image of a WS2/MoS2 heterostructure used for PL
characterization. (F) PL Spectra taken from the four points marked in (E),
showing the characteristic MoS2 PL peak at the monolayer region and three
peaks at the bilayer region. (G) PL intensity mapping at 680 nm shows
localized PL enhancement around the step edge of the bilayer region. (H) PL
spectra of CVD-grown WS2/MoS2 bilayer, WS2/MoS2 bilayer made by
mechanical transfer, and CVD-grown MoS2 and WS2 bilayers, respectively. All
spectra were taken at the same laser intensity and plotted to the same scale.
The PL peak at 875 nm is absent at the mechanically transferred bilayer
sample, and the bilayer MoS2 and WS2 have very weak PL response due to
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their indirect bandgap. (I) Typical plot of gating voltage versus source/drain
current of CVD-grown WS2/MoS2 bilayer, mechanically transferred WS2/MoS2
bilayer, MoS2 bilayer, and monolayer MoS2, respectively, demonstrating that
the CVD-grown WS2/MoS2 bilayer has the best performance.
Raman and PL spectroscopy were used to further characterize the vertical

bilayer heterostructure. As shown in Figs. 3.1-3A and 3B, Raman spectra collected

from the light purple area (points 1 and 2) show only the E’ (at 383.9 cm-1) and A1’
(at 405.3 cm-1) peaks of MoS2 monolayer8,9, confirming the bottom layer is MoS231.
In the bilayer region (point 3 and 4 in the dark purple area), however, two

additional peaks located at 356.8 cm-1 and 418.5 cm-1 are observed, which can be

assigned to the overlapping 2LA(M) & E’ and A1’ modes, respectively, of the top WS2

monolayer6,32. Raman intensity mapping using the MoS2 E’ mode at 384cm-1 and the
WS2 E’ mode at 357cm-1 further demonstrate the formation of WS2/MoS2 bilayer

stacks, as shown in Figs. 3.1-3C and 3D.

The PL spectra (Fig. 3.1-3F) acquired from the monolayer region (points 1

and 2 in Fig. 3.1-3E) show only a strong peak at the wavelength of 680 nm,

corresponding to the 1.82 eV direct excitonic transition energy in monolayer MoS2.

However, on the bilayer region (points 3 and 4), three prominent peaks are

observed at the wavelength of 630 nm, 680 nm, and 875 nm, corresponding to the
excitonic transition energy of 1.97 eV, 1.82 eV, and 1.42 eV, respectively. The peaks

at 630 nm (1.97 eV) and 680 nm (1.82 eV) can be attributed to the direct excitonic
transition energy in the top WS2 and bottom MoS2 monolayer, respectively. It has

been reported that the increased indirect excitonic transition in multilayer WS2 and
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MoS27,33 can generate small peaks at similar lower transition energy range. The
intensity of such indirect excitonic peaks, however, is more than three orders of

magnitude lower than the direct excitonic peak from monolayers. The comparable

intensity of the peak at 875 nm to that of its individual monolayer components
observed in our bilayer sample, as shown in Fig. 3.1-3F, indicates a possible direct
excitonic transition at this energy range. Such strong direct excitonic peak at 875

nm (1.42 eV) is indeed observed for the first time in this bilayer heterostructure.

This experimental observation is consistent with previous theoretical calculations,
which suggest the coupling between the WS2 and MoS2 layers leads to a new direct

bandgap with reduced energy.25,26 Notably, the PL signal from MoS2 at 680 nm

shows a localized enhancement near the step edges between the monolayer and
bilayer region, as shown in Fig. 3.1-3G. The PL enhancement is also demonstrated by

analyzing the PL spectra extracted from the step edge region (point 1) and the edge
of the MoS2 monolayer (point 2 in Fig. 3.1-3E), showing almost twice difference in

intensity. This step-edge enhancement is distinctly different from the previous

reported edge-enhanced6 or homogeneous34 PL response in monolayer TMDs, and
may be caused by the interaction between the MoS2 and WS2 layers.

As a comparison, Raman and PL measurements were also performed on

stacked WS2/MoS2 heterostructure, made by the commonly-used mechanical

transfer method, and on CVD grown MoS2 and WS2 bilayer (Fig. 3.1-3H). Although
the Raman spectra are similar to the WS2/MoS2 bilayer from direct growth, the

additional PL peak at 875 nm, originated from interlayer excitonic transition25,26, is
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absent in the PL spectra from the mechanically transfer stacked bilayer sample,

presumably due to contaminations at the interface during the mechanical transfer of

the two layers. This new 875 nm peak should also be observable in transferred
layers if a contamination-free interface could be achieved. These results highlight
the advantage of using our CVD method for the direct growth of crystalline
heterostructures, in which layer transfers are not needed and clean interface could

be readily obtained. In addition, the 1.82 eV (680 nm) and 1.97 eV (630 nm) PL

peaks observed in the stacked WS2/MoS2 bilayer are almost vanished in CVD-grown

MoS2 bilayer and WS2 bilayer.7 This observation suggests that the MoS2 and WS2
layers in the bilayer heterostructure, on one hand, behave as individual monolayers,
and, on the other hand, generate new functionalities (a new direct band gap) of
WS2/MoS2 heterostructure via interlayer coupling owing to the clean interface.

In order to illustrate the high quality of the CVD-grown heterostructures, we

demonstrate high-mobility back-gating vertically stacked WS2/MoS2 field-effect

transistors (FETs) (Fig. 3.1-3I). As FETs, the ON/OFF ratio is larger than 106, and the
estimated mobility (See supporting information) ranges from 15 to 34 cm2V-1s-1,

which is much higher than the average mobility of the monolayer MoS2 (4.5 cm2V-1s-

1)8,9,

MoS2 bilayer (5.7 cm2V-1s-1) and WS2/MoS2 bilayer made by transfer method

(0.51 cm2V-1s-1), thus suggesting that the clean interface between WS2 and MoS2 is
important for achieving a high device performance. The poor FET performance

WS2/MoS2 bilayer made by transfer method is possibly due to the presence of

unwanted species trapped between layers.
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Figure 4.1-4. Atomic structure of the lateral heterojunctions between WS2 and
MoS2 monolayers. (A, B) Atomic resolution Z-contrast STEM images of the inplane interface between WS2 and MoS2 domains. Small roughness resulting
from interfacial steps can be seen in A. The red dashed lines highlight the
atomically sharp interface along the zigzag-edge direction. The orange and
pink dashed lines depict the atomic planes along the arm-chair and zigzag
directions, respectively, indicating the WS2 and MoS2 domains share the same
crystal orientation. (C, D) Atomic resolution Z-contrast images of the
atomically sharp lateral interfaces along the zigzag (C) and armchair (D)
directions. The atomic models on the right correspond to the structure in the
highlighted regions. Scale bars: (A) 1 nm; (B-D) 0.5 nm.
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The lateral interface between WS2 and MoS2 within the in-plane connected

heterostructure appears as straight lines in triangular shape in the optical images
(Figs. 3.1-1E-1H), thus suggesting that the lateral epitaxy of WS2 on MoS2 edge

occurs preferentially along the zigzag direction. Such assessment provides a
macroscopic view of the WS2/MoS2 planar heterojunctions; however, the detailed
atomic structure can only be revealed by high resolution STEM Z-contrast imaging.

Figure 3.1-4A shows a Z-contrast image of the lateral interface, where W atoms
display much higher image intensity than the Mo atoms. A series of sharp zigzag

step interfaces can be easily identified along the overall-straight WS2/MoS2 lateral

junction. An atomically sharp interface is consistently observed. Figure 3.1-4B shows

another atomically sharp interface along the zigzag direction, where all atomic

columns are directly visible. Careful examination of this STEM image reveals that
the WS2 and MoS2 domains connect seamlessly at the interface into a single

hexagonal monolayer lattice and share the same crystal orientation, as
demonstrated in Fig. 3.1-4B. The formation of such atomically coherent interface is a
strong indication of lateral expitaxy growth in which the WS2 monolayer grows

directly from the fresh MoS2 edges with atomic lattice coherence. Lateral expitaxy is
also supported by the electron diffraction pattern. The interfacial steps most likely

originate from small fluctuations of the MoS2 growth rate at the nm-scale, and their
presence contributes to the overall roughness of the lateral WS2/MoS2 interface. We

estimate the overall roughness of the WS2/MoS2 interface by the evolution of the

local W concentration, integrated along individual atomic planes parallel to the
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overall interface. The overall roughness of the lateral interface is estimated to be ~4
unit cells over a width of 15 nm, and we expect that this could be further reduced by
optimizing the CVD growth conditions.

Despite the small overall roughness due to interfacial steps, each individual

WS2/MoS2 heterojunction along the zigzag direction is found to be atomically abrupt,
as shown by the high magnification STEM Z-contrast images in Figs. 3.1-4B and 4C.

The corresponding atomic model, obtained via atom-by-atom image quantification,

clearly indicates the seamless connection and abrupt transition between the MoS2

and WS2 lattice within a single atomic row. To the best of our knowledge, this is the
first demonstration and direct visualization of an atomically abrupt lateral interface

between two different 2D materials with atomic resolution. Besides the preferred

zigzag interface, lateral junctions along the armchair direction are also occasionally
observed in our sample, as shown in Fig. 3.1-4D. Slight inter-diffusion of transition
metal elements is often observed along such armchair interfaces, typically over a

width of 1-3 unit cells, presumably due to the relative low stability of the fresh
armchair MoS2 edges during the epitaxial growth of the WS2 layer35. Nevertheless,

our growth produces the highest quality 2D in-plane heterostructures reported so

far, with atomically coherent sharp interfaces, providing an excellent platform for
studying intralayer coupling effect.

146

Figure 4.1-5. Raman and PL characterizations of in-plane WS2/MoS2
heterojunction. (A) Optical microscopy image of a triangular in-plane
WS2/MoS2 heterojunction for Raman and PL characterization. (B) Raman
spectra taken from the points marked by 1-3 in its inset, showing
characteristic WS2 (point 1) and MoS2 (point 3) peaks in the outer and inner
triangles, respectively, and their superposition at the interface region (point
2). (C) Combined Raman intensity mapping at 351 cm-1 (yellow) and 381 cm-1
(purple), showing the core-shell structure with WS2 as the shell and MoS2 as
the core. (D) PL spectra of the points marked by 1-5 in its inset. The peak
positions for spectra 1 and 5 are 630 nm and 680 nm, respectively, indicating
pure WS2 and pure MoS2. The PL peak shifts as approaching the interface
(points 2 and 4). At the interface (point 3), a stronger broad peak at 650 nm
shows up. (E) PL spectra at the interface (point 3), at the intersection of
interface (point 6) and the superposition of spectra from pure MoS2 (point 5)
and pure WS2 (point 1). (F) Combined PL intensity mapping at 630 nm (orange)
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and 680 nm (green). (G) PL intensity mapping at 650 nm, showing localized
response around the interface. The optical image with interface highlighted is
overlaid in (G). (H) PL microscope image of the same region in (G) in false
color, showing strong localized PL enhancement at the interface. Inset is the
corresponding intensity profile along the marked dash line, and the
corresponding intensities of interface, pristine MoS2 and back ground are
marked. (I) Photo-voltaic effect of the in-plane heterojunction. Inset is the
typical I-V curve of the junction with (black) and without (red) illumination,
showing the p-n junction behavior. Scale bar: (A, C, F, G, H) 10 μm.
The lateral WS2/MoS2 interface was further studied by Raman and PL

spectroscopy. Figure 3.1-5A shows an optical image of the WS2/MoS2 in-plane

heterojunction used for Raman and PL characterization. Raman spectra (Fig. 3.1-5B)

and mapping (Fig. 3.1-5C) at 351 cm-1 (yellow) and 381 cm-1 (purple) both confirm
the formation of in-plane WS2/MoS2 heterostructure, with triangular monolayer

MoS2 domain as the core and WS2 being the shell layer. Similarly, PL spectra
acquired from the outer layer (point 1 in Fig. 3.1-5D) and inner layer (point 5 in Fig.

3.1-5D) show characteristic PL peaks of pristine monolayer WS2 and MoS2,

respectively, and the PL intensity mapping using these two peaks also reveals the
core-shell structure of this unique lateral heterostructure (Figs. 3.1-5F). Note that
due to the large laser spot size (~1 μm) used in our experiment, the lateral interface
in the Raman and PL mappings appears a bit diffuse, and the Raman spectrum from

the interface area correspond to signals from both sides of the atomically abrupt
heterojunction.
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Even though the lateral heterostructure has been revealed by STEM imaging

to have sharp interfaces with very limited inter-diffusion, the PL peak position shifts
continuously across the interface from 630 nm (for WS2) to 680 nm (for MoS2), as

shown by the spectra presented in Fig. 3.1-5D. Noticeably, the PL spectrum acquired
at the interface (point 3) shows a broad and strong peak at 650 nm (1.91 eV). The

observed shift in peak position and changes in peak shape cannot be simply due to
the large laser spot size that picks up averaged information from an ~1 µm2 area, as
illustrated by the distinct difference between the PL spectrum acquired at the

interface (point 3) and the superposition of spectra from pure MoS2 and pure WS2
(Fig. 3.1-5E). Furthermore, PL intensity mapping at 650 nm (Fig. 3.1-5G) reveals

that this strong PL response is localized at the lateral interface, and the intensity
drops significantly at the intersections of these interfaces, which is consistent with
the PL spectra presented in Fig. 3.1-5E. The shift of the PL peak to intermediate
energies near the interface can be explained as follows. Excitons near the interface
have wavefunctions that overlap the other side, which causes a shift that gradually
evolves to the excitonic peak on the other side. When the laser spot is focused on the

interface, it generates excitons in the intermediate energies, resulting in the
observed broad peak between the two pristine excitonic peaks. This observed peak

contains contributions from excitons that have an electron predominantly on one
side and the hole predominantly on the other side.

To further assess the localized interfacial effect, we acquired high-resolution

PL microscope image from the heterostructure as shown in Fig. 3.1-5H. Strong
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(around 40 times enhancement comparing to the pristine MoS2 or WS2) and highly

localized (within 250 nm of FWHM) PL enhancement is clearly shown along the
lateral interfaces. In comparison, the PL signals from pristine MoS2 or WS2 area are
close to the background level from the SiO2/Si substrate. Such localized interfacial

excitonic enhancement may due to the strong built-in electric field at the atomically
sharp interface originated from the type II band alignment, as confirmed by DFT

calculations. The interface serves as an enhanced excitonic recombination center,
where the strong built-in electric field breaks the coherence of the electron-hole

pairs generated in the vicinity of the interface, leading to their preferential

recombination at the interface. In contrast, in the areas of “bulk” monolayer MoS2 or

WS2, radiative recombination of excitons may be suppressed by non-radiative
channels.

The lateral WS2/MoS2 heterostructures is further demonstrated to serve as

intrinsic monolayer p-n junctions (Figs. 3.1-5I) without external electrical tuning.

The forward biased current is two orders of magnitude higher than the reversed
one, implying a good rectification character unique in 2D electronics. Furthermore,

under illumination, the lateral heterostructure shows clear photo-voltaic effect,

which is also a solid evidence for the existence of a p-n junction (Fig. 3.1-5I). An

open loop voltage of 0.12 V and close loop current of 5.7 pA is obtained. This is the
first time that the p-n junction and photo-voltaic effect are achieved in monolayer
materials without external gating15-17.
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4.1.4. Conclusion
In summary, we have demonstrated the growth of high-quality vertical and

lateral WS2/MoS2 heterostructures with clean and atomically sharp interfaces. The

well-defined, sharp and clean interfaces in these heterostructure allow us to explore

new and controlled designs for 2D materials. The specific orientation relationships
and ordering between the individual monolayer domains can lead to specific

interface electronic properties which cannot be obtained in randomly assembled
van der Waals hetero-materials. Such scalable methods to grow engineered 2D
heterostructures could lead to interesting applications such as vertically stacked
FET devices and planar monolayer devices. Combining both vertical and lateral 2D

heterostructures opens up new possibilities to create novel architectures using 2D
atomic layer building blocks.
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4.2. Two-Step Growth of Two-Dimensional WSe2/MoSe2
Heterostructures
This sub-chapter was mostly copied from reference 36.

4.2.1. Abstract

Two dimensional (2D) materials have attracted great attention due to their

unique properties and atomic thickness. Although various 2D materials have been

successfully synthesized with different optical and electrical properties, a strategy

for fabricating 2D heterostructures must be developed in order to construct more

complicated devices for practical applications. Here we demonstrate for the first

time a two-step chemical vapor deposition (CVD) method for growing transitionmetal dichalcogenide (TMD) heterostructures, where MoSe2 was synthesized first

and followed by an epitaxial growth of WSe2 on the edge and on the top surface of
MoSe2. Compared to previously reported one-step growth methods, this two-step
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growth has the capability of spatial and size control of each 2D component, leading
to much larger (up to 169 μm) heterostructure size, and cross-contamination can be
effectively minimized. Furthermore, this two-step growth produces well-defined 2H

and 3R stacking in the WSe2/MoSe2 bilayer regions, and much sharper in-plane
interfaces than the previously reported MoSe2/WSe2 heterojunctions obtained from

one-step growth methods. The resultant heterostructures with WSe2/MoSe2 bilayer

and the exposed MoSe2 monolayer display rectification characteristics of a pn
junction, as revealed by optoelectronic tests, and an internal quantum efficiency of

91% when functioning as a photo detector. A photovoltaic effect without any

external gates was observed, showing incident photon to converted electron (IPCE)

efficiencies of approximately 0.12%, providing application potential in electronics
and energy harvesting.

4.2.2. Introduction
Recently, the emergence and development of 2D materials with various

optical and electrical properties has opened up new routes for electronic and

optoelectronic device fabrication based on atomically thin layers1-6. For example,

graphene behaves as a semi-metal with extremely high mobility7,8, hexagonal boron

nitride (h-BN) is a good insulator1,9 and monolayer TMDs such as MoS22,3,10,11,
MoSe212-14 and WSe215,16 are semiconductors with direct band gap. This diversity
offers the opportunity to construct atomically thin electronics based entirely on 2D

materials.17 In order to realize such device architectures, a key strategy is to stack
different 2D materials vertically layer-by-layer or stitch them together seamlessly in
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plane to form heterostructures.17-21 Such heterojunctions can find wide applications
in electronics and optoelectronics, such as solid state laser devices at room

temperature22, high speed transistors23, etc. In particular, 2D semiconductor
heterostructures, forming pn junctions with atomic thickness, could potentially play
essential roles in future flexible integrated circuits. 1,20,21,24

Among the various methods to construct 2D heterostructures, the CVD

method has proven to be the most effective method to grow both vertical and lateral
heterostructures, including graphene/h-BN

TMDs28-30.

Compared to other

25-27

methods,

and heterostructures of different

for

example

physical transfer,

contamination at the interface between the layers can be largely avoided, and the

stacking orientation, which is critical to electrical and optical properties in many
cases, can be precisely controlled.27,28 Furthermore, the CVD method can achieve

lateral epitaxial growth of graphene/h-BN or different TMDs, forming in-plane
lateral junctions with seamless connections.26,28-30 Recently, one-step CVD methods

have been developed to grow heterostructures of different TMDs.28-30 However,

those one-step methods inherently lack the ability of spatial and size control of the
heterostructures, which is crucial for the production of modern integrated circuits.

As a result, the size of reported TMDs heterostructures is usually within 20 μm,
which limits their applications because of the difficulties in device fabrication due to

their small size.28-30 Also, cross-contamination of different elements is inevitable
because there is no clear boundary among different TMDs growth.28,30 Thus, multi-
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step sequential growth methods need to be developed in order to enable the spatial
and size control of TMDs heterostructures.
4.2.3. Results and discussion

Here we report for the first time a two-step CVD method for growing

WSe2/MoSe2 heterostructures, where MoSe2 is grown in the first step, followed by

WSe2 epitaxial growth along the edges and on the top surface of MoSe2. The sizes of
both MoSe2 and WSe2 can be well controlled, providing control of the overall

heterostructure size, which can be as large as 169 μm, much larger than previously

reported results28-30. Compared to the one-step growth method, crosscontamination of MoSe2 and WSe2 can be effectively avoided. Interestingly, we find

that WSe2 has a tendency to grow epitaxially from the edge regions of MoSe2 to form
seamless in-plane heterostructures, and on MoSe2 surface as a second layer to form

vertical heterostructures. Raman and photoluminescence (PL) spectroscopy were
used to determine the spatial distribution of MoSe2 and WSe2 and to characterize

the electronic coupling effect between them. Atomic resolution scanning

transmission electron microscopy (STEM) imaging reveals that WSe2 can adopt both
2H and 3R stacking when growing on top of MoSe2 in the bilayer heterostructures,

and can form atomically seamless connection to the MoSe2 edges at the lateral

junctions. Electronic and optoelectronic transport measurements across the MoSe2
monolayer and WSe2/MoSe2 bilayer show clear rectification behavior and
photovoltaic effect, indicating the formation of pn heterojunctions. The relatively
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high quantum efficiency as photo detectors and solar cells illustrates its application
prospects.

Figure 4.2-1. Schematics of the MoSe2-templated WSe2 growth. WSe2 always
grow from the edge regions of the MoSe2 layer, forming both vertical bilayer
heterostructure on MoSe2 surface and seamless in-plane heterostructure. The
MoSe2 template is outlined by white lines, where the in-plane MoSe2/WSe2
interface would form. The type I and type II heterostructures are obtained
after different WSe2 growth time by using monolayer MoSe2 as a template.
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Figure 4.2-2. Schematic and optical images of pristine MoSe2 and WSe2/MoSe2
heterostructures. (A-C) Schematic shows the monolayer MoSe2 used for WSe2
growth and type I and type II WSe2/MoSe2 heterostructures. (D) and (G)
Optical images of pristine MoSe2 before the WSe2 growth at different
magnifications showing the uniform monolayer and high-density nature of the
MoSe2 domains. (E) and (H) Optical images of the type I WSe2/MoSe2
heterostructure. From the edge to the center are WSe2 bilayer, WSe2/MoSe2
bilayer

and

MoSe2

monolayer,

respectively,

which

are

marked

correspondingly as 1, 2 and 3 in (H). (F) and (I) Optical images of the type II
WSe2/MoSe2 heterostructure. In (I), the labels 1, 2 and 3 indicate regions of
WSe2 monolayer, WSe2 bilayer and WSe2/MoSe2 bilayer, respectively. Both
types of WSe2/MoSe2 heterostructures show their high-yield and WSe2 can
epitaxially grow both on top of MoSe2 to form vertical heterostructure and on
the edge to form the in-plane one. The MoSe2 templates in (H) and (I) are
marked by white dashed lines.
MoSe2 is grown firstly by a CVD method as reported in our previous work.12

Briefly, molybdenum trioxide (MoO3) powder and selenium (Se) powder are used as

the precursors for MoSe2. SiO2/Si wafer serves as the growth substrate and is placed
face down with respect to the MoO3 powder at the center of the furnace. The furnace

is ramped to 750°C in 15 min and held for 20 min for the growth. Meanwhile the Se

powder was put upstream at a lower temperature zone (the temperature is about
200°C) for evaporation. 50 SCCM mixture of H2/Ar (with 15% H2) served as the
carrier gas and a reducing atmosphere during the entire process. The as-grown

MoSe2/SiO2/Si was then transferred into another CVD setup for subsequent WSe2
growth. The growth of WSe2 is similar to the MoSe2 growth. The only differences are

(i) tungsten oxide (WO3) replaced MoO3 as the precursor, (ii) the reaction
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temperature was set to 900°C, and (iii) 100 SCCM H2/Ar was applied instead of 50

SCCM. The edge of MoSe2 might be passivated after exposure to ambient conditions

during the transfer from the first CVD setup to the second one. However, the high
temperature during the second growth can easily remove the small molecules such

as H2O and O2. No special thermal/chemical treatment is necessary between the first

and second step growth. We have performed dozens of growth experiments, and
observe that WSe2 always starts growing from the edge of MoSe2, which is similar to

the two-step growth of graphene and h-BN heterostructures26. As shown in Fig. 3.2-

1, both first and second layer WSe2 would grow from the edge regions of monolayer
MoSe2, forming heterostructures with WSe2 bilayer and WSe2/MoSe2 bilayer at the

edges while monolayer MoSe2 at the center (named type I heterostructure). This is

different from our previous work, where the second layer WS2 always grows from

the center of the MoS2 top surface.28 Further extending the growth time, the

monolayer MoSe2 template would eventually be fully covered by WSe2, forming

vertical WSe2/MoSe2 heterostructures with additional WSe2 monolayer and bilayer

at the edges of the heterostructure (type II heterostructure). In addition, bilayer
MoSe2 could also be used as the growth template (type III heterostructure), where

WSe2 could epitaxially grow on the edges of both MoSe2 layers, providing more
possibilities than the one-step growth.

Figure 3.2-2 is the schematic and optical images of the pristine MoSe2, type I

and type II WSe2/MoSe2 heterostructures obtained by using different WSe2 growth

time. Figure 3.2-2A is the schematic of monolayer MoSe2 obtained from the first step
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CVD growth, which is used as the growth template for WSe2. After 10 minute and 20

minute of WSe2 growth, type I and type II heterostructures are synthesized and
their schematics are shown in Fig. 3.2-2B and 2C, respectively. It is worth noting
that monolayer in-plane heterostructure of MoSe2 and WSe2 is never found under

our experimental settings, implying that the in-plane and vertical heterostructures

might grow at the same time. If monolayer in-plane MoSe2 and WSe2

heterostructure is desirable, the temperature of the second-step growth needs to be

changed28. Figure 3.2-2D and 2G are the optical images of pristine MoSe2
monolayers before WSe2 growth. Figure 3.2-2D shows the high density of MoSe2

islands with sizes of approximate 100 μm, which makes large scale integrated
devices fabrication easier. The uniform color contrast in higher magnification image
(Fig. 3.2-2G) indicates a continuous high quality crystal with uniform thickness.

After WSe2 growth, the optical contrast can aid in distinguishing the distribution of

MoSe2 (pink) and WSe2 (blue). Figure 3.2-2E and 2F are the low magnification
optical images of the type I and type II WSe2/MoSe2 heterostructures, both showing
the high-density and 100 percent yield of the heterostructures. Their corresponding

high magnification optical images are shown in Fig. 3.2-2H and 2I. The dots in the
center pink area are the second layers, where WSe2 can also grow by using these

small MoSe2 second layers as nucleation center, as will be shown in Fig. 3.2-4. The

type I heterostructure consists of WSe2 bilayer, WSe2/MoSe2 bilayer and MoSe2
monolayer regions from the edge to the center (marked as 1, 2 and 3, respectively,
in Fig. 3.2-2H). We can also differentiate the monolayer and bilayer areas by
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scanning electron microscope (SEM) secondary electron imaging due to their
contrast difference. The bilayer nature at the edge regions can be further confirmed
by the thickness characterized by atomic force microscopy (AFM). For type II

heterostructures (Fig. 3.2-2I), WSe2 monolayer, WSe2 bilayer and WSe2/MoSe2

bilayer appear in turn from the edge to the center. The presence of MoSe2 and WSe2
in the heterostructures can be further demonstrated by X-ray photoelectron
spectroscopy (XPS), where all the Mo, W and Se signals can be detected. The ratio
between Mo+W and Se is very close to 1:2, matching the ideal stoichiometric ratio.

Figure 4.2-3. Raman and PL spectroscopy analysis of the type I WSe2/MoSe2
heterostructures. (A) Optical image showing a type I WSe2/MoSe2
heterostructure used for Raman and PL characterizations. (B) Raman spectra
taken form points 1, 2 and 3 as marked in (A) showing pristine MoSe2,
WSe2/MoSe2 and pristine WSe2 areas, respectively. (C) PL spectra taken from
the same points as the Raman spectra. The WSe2/MoSe2 bilayer area has an
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additional peak besides the peaks from pristine MoSe2 and WSe2. The
Distribution of MoSe2 and WSe2 is further confirmed by Raman intensity maps
at 240 cm-1 (D) (A1g mode of MoSe2) and 250 cm-1 (E) (E12g mode of WSe2). The
exposed monolayer at the center has the strongest MoSe2 peak and the bilayer
edge has the strongest WSe2 peak. (F-H) PL intensity maps at 780 nm
(characteristic peak of WSe2), 820 nm (MoSe2) and 930 nm (characteristic
peak of WSe2/MoSe2 bilayer) further confirms the spatial distribution of
MoSe2 and WSe2. Scale bars in D-H: 10 μm.
Raman and PL spectroscopy were used to characterize the heterostructure

and determine the spatial distribution of MoSe2 and WSe2 with a 514.5 nm laser

(with spot size about 1 μm in diameter). Figure 3.2-3A shows the optical image of a

type I WSe2/MoSe2 heterostructure. Raman spectra (Fig. 3.2-3B) were taken from

the three points marked in the optical image. For the inner pink area (point 1), only
two main peaks at 240 cm-1 (A1g mode of MoSe2) and at 280 cm-1 (E12g mode of
MoSe2) were observed, indicating pristine MoSe2 in this area12. On the other hand,

Raman spectra collected form the outer blue area (point 3) only show the peaks at
250 cm-1 and 258 cm-1, which correspond to the E12g and A1g modes of WSe231. The

intermediate position (point 2) shows Raman peaks from both MoSe2 and WSe2, as

one would expect for WSe2/MoSe2 bilayer. The spatial distribution of MoSe2 and
WSe2 was further examined by Raman intensity maps at 240 cm-1 (Fig. 3.2-3D) and

250 cm-1 (Fig. 3.2-3E), respectively. It is clear that the center pink area has the

strongest signal for MoSe2 while the edge blue area has the strongest WSe2 signal.

The intermediate area has medium signal for both MoSe2 and WSe2, which is

consistent with the Raman spectra. Noteworthy that there are also weak signals
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from the bilayer WSe2 region in the Raman map at 240 cm-1, which is contributed by
the tail of the WSe2 Raman band due to the proximity of the peaks of MoSe2 (240 cm1)

and WSe2 (250 cm-1).

Figure 3.2-3C is the PL spectra taken from the same points as the Raman

spectra. For the PL spectrum taken from point 1, only one strong peak at 819 nm

(1.51 eV) appears, which corresponds to the interband excitation of monolayer

MoSe2 with direct band gap12. Similarly, the PL spectrum from the edge area has

only one peak at 786 nm (1.58 eV), consistent with the band gap of WSe231. However,
besides the peaks from monolayer MoSe2 and WSe2, there is an additional peak at
933 nm, corresponding to an excitonic transition energy of 1.33 eV, observed from

the bilayer WSe2/MoSe2 region. This can be attributed to the coupling effect

between the MoSe2 and WSe2 monolayers, which has been predicted and observed

in the bilayer WS2/MoS2 system.24,28 PL intensity maps at 780 nm, 820 nm and 930
nm are further applied to characterize the heterostructure (Fig. 3.2-3G-I). We can

clearly see that the PL peak around 930 nm is mainly localized at the WSe2/MoSe2

bilayer region. Also, the center monolayer MoSe2 has the strongest intensity at 820
nm while the WSe2 edge has the strongest intensity at 780 nm. Detailed Raman and

PL characterizations were also performed to measure the spatial distribution of
each 2D components and their coupling effect in the type II heterostructures.
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Figure 4.2-4. STEM imaging and elemental mapping of lateral WSe2/MoSe2
heterostructures. (A) Low magnification STEM ADF image of a lateral
WSe2/MoSe2 heterostructure grown on top of a large MoSe2 monolayer. (B, C)
The corresponding maps of WSe2 and MoSe2 from the region shown in panel A,
demonstrating that the second MoSe2 layer serves as the nucleation center for
WSe2 epitaxial growth. WSe2 is only present in the brighter outer region
shown in the ADF image. The MoSe2 map shows the presence of a small second
layer on top of a large monolayer. (D, E) Higher magnification STEM ADF
images of the lateral interface shown in panel A. Inset in panel D: FFT of the
ADF image demonstrating lateral epitaxy between WSe2 and MoSe2. (F)
Structural model of the lateral interface in the top layer, obtained from atomby-atom quantitative image analysis of the ADF image in panel E. W atoms are
shown in white, Mo in red, and Se in dark green.
Annular dark field (ADF) imaging and elemental mapping via electron

energy-loss spectroscopy (EELS) in an aberration-corrected scanning transmission

electron microscope (STEM) were performed to further explore the atomic
structure of the MoSe2/WSe2 heterostructures. Figure 3.2-4 demonstrates the
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lateral epitaxial growth of WSe2 from MoSe2 edges. Due to the limited field of view of
atomic resolution electron microscopy, we choose to look at the lateral interfaces

developed from a small MoSe2 second layer on top of a much larger MoSe2
monolayer. Since the ADF image intensity is directly related to the averaged atomic

number and the thickness of the sample, a WSe2 layer displays higher image

intensity than a MoSe2 layer in the STEM ADF image. The low magnification ADF

image presented in Fig. 3.2-4A and the corresponding chemical maps of WSe2 and

MoSe2 in Figs. 3.2-4B and 4C clearly demonstrate the growth of a WSe2 layer

(brighter outer region in the ADF image) from the edges of the MoSe2 second layer

(center region), on top of a MoSe2 monolayer. A closer examination reveals that the
lateral WSe2/MoSe2 interface consists of atomically sharp interface segments with

an overall roughness of a few nanometers (Figs. 3.2-4D and 4E). Extensive chemical
intermixing of WSe2 and MoSe2 at the interface was not observed in these samples.

A representative ADF image from an atomically sharp lateral interface is shown in

Fig. 3.2-4E. Fast Fourier transform (FFT) of the image shows only one set of
diffraction pattern, indicating lateral epitaxy between WSe2 and MoSe2.

Furthermore, using quantitative image intensity analysis32, we can map out the

distribution of W, Mo, and Se atoms in the two monolayers. As shown in Fig. 3.2-4F,

the interface between WSe2 and MoSe2 in the top layer is atomically sharp, with
minimum intermixing and the two components sharing the same hexagonal lattice,
while the bottom layer is pure MoSe2 (not shown).
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Figure 4.2-5. STEM imaging and elemental mapping of vertical WSe2/MoSe2
heterostructures. (A) STEM ADF image of a step edge of a vertical WSe2/MoSe2
heterostructure. (B, C) The corresponding maps of WSe2 and MoSe2 from the
region shown in panel A, demonstrating that WSe2 is grown on top of a MoSe2
monolayer. (D) STEM ADF image from a WSe2/MoSe2 bilayer heterostructure
with 2H (AB) stacking. The red and yellow triangles highlighting the
orientation of the WSe2 and MoSe2 layer, respectively. (E) STEM ADF image
from a WSe2/MoSe2 bilayer heterostructure with 3R (AA) stacking. (F) High
magnification STEM ADF image from the MoSe2 monolayer. The Se2 columns
display higher image intensity than the Mo sites.
Figure 3.2-5 presents the structure of the vertical WSe2/MoSe2 bilayer

heterostructure regions. Figure 3.2-5A shows a high magnification STEM-ADF image

of a sharp step edge of the WSe2/MoSe2 bilayer, where simultaneous EELS analysis

was performed to map out the spatial distribution of WSe2 and MoSe2. The

corresponding chemical maps (Figs. 3.2-5B and 5C) clearly show the uniform

distribution of MoSe2 in the whole analyzed region while WSe2 is only present in the
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second layer. High resolution images further demonstrate that WSe2 epitaxially
grows on top of MoSe2, and both AB (2H) and AA (3R) stackings are observed

between the two layers, as shown in Figs. 3.2-5D and 5E. Furthermore, STEM ADF

images from the exposed bottom MoSe2 monolayer reveal its high crystal quality

and chemical purity without W impurities. For comparison, cross-contamination is

always inevitable during one-step growth28-30. The electron microscopy results, thus,
suggest that WSe2 can epitaxially grow from the edges of MoSe2 and onto the surface

of MoSe2, forming both lateral and vertical heterostructures with minimum
chemical intermixing.

Since WSe2 is reported to be a p-type semiconductor with a bandgap of 1.58

eV15 and MoSe2 is an n-type semiconductor with a bandgap of 1.51 eV12 (inset in
figure 3.2-6D), a heterojunction should form between them and two effects,
rectification and photovoltaics, should be observed. To confirm these effects and
characterize the physical properties of the as-grown heterojunctions, a pair of Ti/Au

(2nm Ti and 38 nm Au) electrodes was fabricated on monolayer MoSe2 and
MoSe2/WSe2 bilayer of a type I heterostructure, as shown in Fig. 3.2-6A.
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Figure 4.2-6. Rectification and photovoltaic characterization of the type I
MoSe2/WSe2

heterostructure.

(A)

Optical

image

of

a

MoSe2/WSe2

heterojunction device with two electrodes on MoSe2 monolayer and
WSe2/MoSe2 bilayer, respectively. (B) IV curve of the MoSe2/WSe2
heterojunction with and without illumination. (MoSe2 is connected to the
negative pole and WSe2 is connected to the positive pole.) Both dark current
and photocurrent show strong asymmetric feature. The inset shows the dark
current in logarithm scale, which indicates a significant rectification behavior
of the heterojunction. When the device is reversely biased, the photoresponse
shows good linear relationship with light intensity, whereas the device
saturates faster in forward biased region, as shown in (C) (The bias is 1.0 V).
Meanwhile, the photocurrent IV curves do not pass through zero point,
indicating a photovoltaic effect as demonstrated in (D). (D) The photovoltaic
effect IV curve of the MoSe2/WSe2 heterojunction. Its inset shows the
schematic diagram of MoSe2/WSe2 heterojunction band structure and
photoexcitation process in MoSe2/WSe2 heterojunction.
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Due to the built-in electrical field of a pn junction, photogenerated electron-

hole pairs can be effectively separated. Electrons are driven to the MoSe2 side, while
holes are driven to the WSe2 side, generating a photovoltaic effect. Figure 3.2-6B

shows the dark current and photocurrent from the as-fabricated device. The inset of

the figure shows the dark current in logarithm scale, which clearly indicates the

rectification behavior associated with the pn junction. When the junction area is
illuminated by light, a strong photo response is observed, as shown in Fig. 3.2-6B.
When the device is induced with a reverse bias, the dark current is very limited and

the device shows good linearity with incident light and large On/Off ratios. This is

because the built-in field in the junction area and the external electric field has the

same direction and the diode is in OFF state, i.e. the dark current is mainly

contributed by backward saturation current, which is as small as 0.8 pA. With the

superposition of the built-in field and external field, the photogenerated electron-

hole pairs are effectively separated. As a result, when the device is forward biased

the junction is in the ON state, with a large dark current of 68 pA. In addition, the

photocurrent saturates more rapidly when a forward bias is applied. This can be
seen in Fig. 3.2-6C. Under -1V biasing, the photocurrent increases linearly with light

intensity. In contrast, under 1V biasing, the photocurrent increases significantly
with an 88 mW/cm2 illumination, but eventually saturates with higher power

density illumination. The external quantum efficiency is determined to be 6.4% with

a forward bias and 1.2% with reverse bias. Considering the absorption rate of the
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sample (~7.0%), the internal quantum efficiency can be as high as 91% with
forward bias and 17% with a reverse bias.

The other effect accompanying the built-in field of the junction is the

photovoltaic effect, as demonstrated in Fig. 3.2-6D. With light illumination, electrons
get excited from the valence band to the conduction band, leaving holes in the
valence band. With the help of the built-in field in the junction area, the electron and

hole pairs are separated. The holes accumulate to the WSe2 side and form the anode,
while electrons accumulate to the MoSe2 side forming the cathode. Figure 3.2-6C

clearly shows the asymmetric feature of the photocurrent and the IV curves do not

pass through zero current point when the applied bias is 0 V. Figure 3.2-6D shows
the IV curve of the photovoltaic effect, and an open circuit voltage of 55 mV is

achieved when a 619 mW/cm2 514 nm laser is shined on to the junction area. The
incident photon to converted electron (IPCE) efficiency is determined to be 0.12%,

which is comparable to the state-of-the-art results reported in literature.33-35

Considering the atomic thickness of the heterostructures, this efficiency is relatively
high. Notably, this ‘high-efficiency’ photovoltaic effect is obtained without any
external gates, providing advantages in device fabrication and energy efficiency.33-35
4.2.4. Conclusion

In conclusion, we report the synthesis of 2D TMD heterostructures by a two-

step CVD method. Compared to the one-step growth methods, it is capable of
controlling the domain size and the final heterostructure type by simply adjusting
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the growth time, and avoiding the cross-contamination. The heterostructure size

can be as large as 169 μm, much larger than those obtained with the one-step

growth. This two-step growth method may be developed as a general method for

growing 2D heterostructures, and opens up the possibility to construct more

complicated heterostructures with multiple components and specific stacking
sequences. The strong photocurrent response and photovoltaic effect with high

quantum efficiency of the heterostructures expand the applications of 2D materials

and also provide unprecedented chances to build up more complicated atomically
thin circuits.
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Chapter 5

3D structures from 2D materials for
energy related applications

5.1. Graphene Network-Backboned Architectures for
High Performance Lithium Storage
This sub-chapter was mostly copied from reference 30.

5.1.1. Introduction

Lithium ion batteries have gained great success in portable electric devices

due to their high energy density, high voltage and environmental friendliness.[1-9]

However, The achievement of lithium ion batteries with excellent electrochemical
performances such as high reversible capacity, stable cycle performance and high

rate capability, most important for electric vehicle applications, is known to be
hindered by the lack of suitable electrode materials.[10-12]Thus, various
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electrochemically active materials made of carbon, metal, metal oxide and sulfide

have been recently developed for lithium storage. In particular, transition metal
oxides and sulfides such as Fe2O3, Co3O4, MoS2 and WS2 have shown high reversible
capacities (about 1000 mAh g-1) in the initial cycles.[9, 13-20] Unfortunately, a large

specific volume change commonly occurs in these host matrix during the cycling

processes, resulting in pulverization of the electrodes and aggregation of electrode

materials. This causes the large increase of contact resistance and rapid capacity
decay, especially under high charge and discharge current rates.[6, 7]

To circumvent the poor cycle and high-rate problems of transition metal

oxides and sulfides, one efficient strategy is to find suitable matrix to accommodate

their volume change during the cycle processes.[21] In this respect, a variety of

carbonaceous materials such as porous carbons, carbon nanotubes and graphene

have been synthesized for loading of metals, metal oxides and sulfides.[14, 22-26]
Among them, graphene is the most promising matrix due to the high electrical

conductivity, good flexibility and high chemical stability.[17, 20] Hence, some metal
oxide and sulfide-graphene hybrids such as MnOx-graphene, Co3O4-graphene and
MoS2-graphene have been developed.[22-24] To date, they can be mainly divided into

two categories according to their different structures: directly mixed metal oxide or

sulfide-graphene composites and sandwich-like, graphene-supported hybrid

nanosheets.[17, 22-24] Although improved electrochemical performances have been
observed, some disadvantages for lithium storage still exist in these hybrids. For the
former, the metal oxides and sulfides are still prone to strong aggregation during the
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cycle processes due to the nonintimate contact between graphene layers and active
materials, and the latter suffers from the large contact resistance among numerous

active nanosheets. Thus, the achievement of metal oxide or sulfide-graphene
hybrids with superior electrochemical performances remains a big challenge.

Very recently, graphene oxide aerogels and hydrogels with 3D porous

interconnected frameworks and large specific surface area have been developed and
used for energy storage.[27-29] Here, we demonstrate an efficient approach to large-

scale fabrication of various three-dimensional (3D) graphene-backboned hybrid

architectures including MoS2/graphene and FeOx/graphene via a hydrothermal

method. The resulting graphene-backboned architectures possess high surface area,

porous structure and continuous graphene backbone. These features not only
facilitate the easy access of electrolyte, fast diffusion of electrons, but also can

accommodate the volume change of metal oxides and sulfides and prevent their
aggregation during cycle processes. As a result, high reversible capacity, ultrahigh-

rate capability and excellent cycle performance are achieved for graphenebackboned hybrid architectures.

5.1.2. Results and discussion
As illustrated in Figure 4.1-1a, 3D graphene-backboned hybrid architectures

were fabricated by a simple hydrothermal reaction (For details, see Supporting
Information). Reduction of (NH4)2MoS4 with NH2NH2 and hydrolysis of FeCl3 were

chosen to in-situ grow MoS2 and FeOx atomic layers onto the surface of graphene
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oxide, respectively. These reactions were carried out at 180˚C in the presence of
graphene oxide (GO) in aqueous solution, where GO was chemically reduced to
graphene (or reduced graphene oxide), to simultaneously generate MoS2 or FeOx-

graphene architectures. The weight percent of MoS2 and FeOx in the as-prepared 3D

architectures was facilely controlled by adjusting the ratios between metal salts and
GO. (All the percent below means weight percent.) The exact ratio can be calculated
by using the weight of GO added and the weight of GO/MoS2 and GO/FeOx gel after
drying. The typical photographs of MoS2-graphene and FeOx-graphene architectures

(Figure 4.1-1) clearly demonstrate the centimeter scale columned shape with low
volume densities (about 50 mg cm-3).
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Figure 5.1-1. Fabrication of 3D graphene-backboned architecture. a, Schematic
diagram for the fabrication of 3D MoS2-graphene architectures by a simple
hydrothermal method. b, Typical photograph of obtained architecture shows
the centimeter scale size. c, Typical SEM images of 3D MoS2-graphene or FeOxgraphene architectures reveal the thin and continuous walls. d, Nitrogen
adsorption/desorption isotherms of MoS2/graphene architecture (85%)
confirms the porous structure with a high BET surface areas of 285 m2 g-1. e,
Pore size distribution reveals that the pore sizes in MoS2-graphene
architectures are in the range of 3-30 nm.
The 3D architectures built by flexible nanosheets in the as-prepared

MoS2/graphene and FeOx/graphene samples were firstly confirmed by field
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emission scanning electron microscopy (FE-SEM) (Figure 4.1-1c). This morphology
is similar to that reported for grpahene and graphene oxide hydrogels.[27, 28] The

porous nature of MoS2/graphene and FeOx/graphene architectures is then
demonstrated by the nitrogen physisorption measurements (Figure 4.1-1d). Their

adsorption-desorption isotherms exhibit a typical IV hysteresis loop at a relative

pressure between 0.6 and 0.9, characteristic of pores with different pore sizes.

Barrett-Joyner-Halenda (BJH) calculations disclose that the pore size distribution is
in the range of 3-30 nm, except for the open macropores revealed from the SEM
images, as shown in Figure 4.1-1e. The adsorption data indicate specific surface
areas of 285 and 265 m2 g-1 for the MoS2/graphene and FeOx/graphene
architectures, respectively, with the same active material content of 85%.

The microstructure of as-prepared MoS2/graphene architectures was then

investigated by transmission electron microscopy (TEM) and high-resolution TEM

(HRTEM). As presented in Figure 4.1-2a, the thin and continuous building blocks,

nanosheets, for 3D MoS2-graphene architectures are visible. Cross-sectional atomic

force microscopy (AFM) images and thickness analyses reveals the same nanosheet

morphology with uniform thickness of 2～3 nm. The typical HRTEM image (Figure
4.1-2b) further discloses the hexagonal crystalline lattice of MoS2 on the surface of
graphene sheets. Coupled with their elemental mapping analysis, the homogeneous
distribution of MoS2 on graphene is distinctly observed as shown in Figure 4.1-2d,

where green and blue colors stand for sulfur and carbon, respectively. To gain

further insight into the element analysis, we performed the X-ray photoelectron
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spectroscopy (XPS) of MoS2-graphene architectures with different MoS2 contents
(85% and 65%). An atomic ratio of ～1/2 between Mo and S for all the
MoS2/graphene samples is achieved, well consistent to that of commercially

available bulk MoS2. Moreover, two symmetrical XPS peaks are presented at the
same binding energy to bulk MoS2, indicating the formation of MoS2 layers during
our hydrothermal process. This is further demonstrated by their Raman and X-ray

diffraction (XRD) analysis of MoS2-grpahene architectures.For the Raman spectra, in

addition to peaks of GO, there are peaks consistent with Raman spectra of bulk MoS2.
All the XRD peaks are indexed in the space group P63/mmc MoS2 with a hexagonal
structure (JCPDS No. 37-1492).

Meanwhile, 3D FeOx/graphene architectures with the similar morphology to

that of MoS2/graphene architectures are obtained. The biggest differences between

them lie in the thickness and crystalline structure of their building walls. As
analyzed by AFM, the thickness of the FeOx/graphene sheets is 4～5 nm, slightly

thicker than that of MoS2/graphene sheets (2-3 nm). And the typical HRTEM image
reveals the amorphous FeOx layers on graphene in the case of FeOx/graphene

architectures. Correspondingly, no any identified peaks are observed in their XRD
patterns.
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Figure

5.1-2.

The

building

blocks,

MoS2/graphene

sheets,

for

3D

MoS2/graphene architectures. a, Typical TEM image of MoS2-graphene
architecture (85%), showing that continuous thin MoS2/graphene hybrid
walls. b, HRTEM image of a typical sheet of MoS2/graphene architecture (85%),
showing the hexagonal crystal structure of MoS2. c and d, STEM image of
MoS2/graphene structure and its corresponding S and C element mapping,
where green stands for sulfur and blue stands for carbon.
Correspondingly, no any identified peaks are observed in their XRD patterns.

To gain insight into the elemental composition, we performed the XPS analysis of
FeOx/graphene architectures with different FeOx contents. XPS spectra of high

resolution Fe3d5/2, O1s and C1s disclose the obtained FeOx have almost the same

spectroscope with Fe3O4 used as contrast.
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Figure

5.1-3.

Electrochemical

performance

of

3D

MoS2/graphene

architectures. a, Representative discharge-charge curves of MoS2/graphene
(85%) architecture at various C-rates. b, Different cycle performance of
MoS2/graphene (85%), MoS2/graphene (65%) and MoS2 particles at current
density of 0.5C (600 mA g-1). c, Rate capacities of MoS2-graphene architectures
with 85% MoS2 contents. d, Capacity retentions of MoS2/graphene (85%)
architecture when performing full discharge-charge for 3000 cycles. From up
to down, curves are denoted as charge and discharge rate of 12C, 43C and
140C, respectively.
The electrochemical performances of 3D MoS2/graphene architectures were

systematically evaluated by galvanostatic discharge (lithium insertion)–charge

(lithium extraction) measurements at various rates (nC), where nC corresponds to
the full lithium extraction from electrodes in 1/n h. Remarkably, a very high

reversible capacity of about 1200 mAh g-1 is achieved in the initial cycles at 0.5C

(600 mA g-1), in the case of MoS2-graphene architecture with the MoS2 content of 85%
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(Figure 4.1-3b). Even after 30 cycles, both discharge and charge capacities of this
architecture are stable at about 1200 mAh g-1, delivering nearly 100% capacity

retention. When the MoS2 content decreases to 65%, the reversible capacity
decreases correspondingly to ～800 mAh g-1 but with the same stable cycle

performance. These results are in stark contrast to that of the MoS2 particles
obtained by the same synthesis process only without GO, which show continuous

and progressive capacity decay to 80 mAh g-1 under the same testing conditions.

Moreover, MoS2/graphene architectures exhibit excellent rate performances. As
shown in Figure 4.1-3c, the high reversible capacities of 620 and 270 mAh g-1 are

achieved at 12C and 140C (corresponding full charge or discharge times are 5
minutes and 25 seconds.), respectively, in the case of MoS2-graphene architecture

with the MoS2 content of 85%. Here, the first cycle of different samples is not
showed, the coulomb efficiency of which is usually about 60-70 percent. Most

importantly, this architecture exhibits ultra-stable cycle performance at various

charge-discharge rates. As shown in Figure 4.1-3d, no any capacity decay is

observed even after 3000 cycles at all the selected rates of 12C, 43C and 140C. This

is significantly different from those reported for MoS2 based materials.[9, 23, 24] To the

best of our knowledge, our 3D MoS2-graphene architecture is one of the most

promising anode materials reported for lithium storage.
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Figure 5.1-4. Electrochemical performance of 3D FeOx/graphene architectures.
a,

Representative

architecture

at

discharge-charge

various

C-rates.

b,

curves

of

Different

FeOx/graphene
cycle

(85%)

performance

of

FeOx/graphene (85%), FeOx/graphene (60%) and FeOx particles at 0.5C
(550mA g-1). c, Rate capacities of FeOx/graphene architectures with 85% FeOx
contents. d, Capacity retentions of FeOx/graphene (85%) architecture when
performing full discharge-charge for 1500 cycles. From up to down, curves are
denoted as charge and discharge rate of 8C, 18C and 80C, respectively.
We further performed the battery of MoS2/graphene under 25˚C, 50˚C and

75˚C. The capacity increases from 1000 to 1150 mAh g-1 at 1C, with increasing the

environmental temperature from 25 to 75 ˚C. The enhanced capacity attributes to
the significantly enhanced the diffusion rate of lithium ion under higher

temperatures. Furthermore, MoS2/graphene has a stable cycle performance at the
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higher temperatures. Electrochemical impedance spectra show MoS2-graphene
architecture (85%) has much better conductivity than pure MoS2 nanosheet.

The similarly excellent electrochemical performances can be also achieved

from the 3D FeOx/graphene architectures. As shown in Figure 4.1-4a, a high
reversible capacity of 1100 mAh g-1 is obtained at 0.5C for the FeOx/graphene

architecture with the FeOx content of 85%. Although this value is slightly lower than

that of MoS2-graphene architecture (1200 mAh g-1), it is much higher than that of
FeOx produced by the same procedure only without GO (70 mAh g-1). Moreover, the

FeOx-graphene architecture delivers the similar fast rate capability and excellent

cycle performance to those of MoS2-graphene architectures. For instance, at 80C

(corresponding total charge and discharge time is 45s), the reversible capacity is
stable at 270 mAh g-1 even after 1500 cycles. This is totally different from those

reported for various iron oxides, which show the clear capacity loss within 100

cycles.[20, 21] Such excellent results shed light on the utility of graphene-backboned

architectures to improve the electrochemical performance of a variety of metals,
metal oxides and sulfides.
5.1.3. Conclusion

In summary, we have designed 3D porous architectures constructed by

graphene sheets coated with MoS2 or FeOx for high-performance battery materials,
without any other additives. The ultra-stable battery electrodes with long cycle life

(3000 cycles for MoS2 and 1500 cycles for FeOx with almost 100% capacity
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retention) at different charge and discharge rates were achieved as they were used
for lithium storage. In addition, their specific capacity can be up to 1100-1200 mAh

g-1 at 0.5C. Furthermore, the fast rate capabilities for MoS2/graphene and

FeOx/graphene can be up to 140C and 80C, respectively. Their performances are

very promising for next generation of high-performance batteries for portable
electronics, electric vehicles and hybrid vehicles.
5.1.4. Methods

Graphene oxide (GO) nanosheets were synthesized from natural graphite

flakes by a modified Hummers method, the details of which were described
elsewhere[25]. 3D MoS2/graphene or FeOx/graphene architectures were synthesized

by a simultaneous hydrothermal synthesis and assembly procedure. In a typical
procedure, a 5 mL of GO (2 mg ml-1) aqueous dispersion was mixed with different

amounts of commercially available (NH4)2MoS4 or FeCl3·6H2O powder by sonication

for 10min. To get MoS2/graphene architecture, hydrazine is necessary as reducing

agent. And then the resulting mixture was sealed in a Telfon-lined autoclave, was
hydrothermally treated at 180 °C for 6 hours. Finally, the as-prepared samples were
chemically reduced and freeze- or critical point- dried to preserve the 3D

architectures formed during synthesis process.

The morphology and microstructure of the samples were systematically

investigated by FE-SEM (JEOL 6500), TEM (JEOL 2010), HRTEM (Field Emission
JEOL 2100), AFM (Digital Instrument Nanoscope IIIA), XPS (PHI Quantera x-ray

188

photoelectron spectrometer) and XRD (Rigaku D/Max Ultima II Powder X-ray
diffractometer) measurements. Raman spectroscopy (Renishaw inVia) was

performed at 514.5 nm laser excitation at a power of 20mW. Nitrogen sorption
isotherms and BET surface area were measured at 77 K with a Quantachrome

Autosorb-3B analyzer (USA). Electrochemical experiments were carried out in 2032
coin-type cells. The as-prepared MoS2/graphene monoliths or architectures were

directly fabricated as binder/additive-free working electrodes by cutting then into

small thin round slices with a thickness of ~1 mm and processing into these slices
into thinner electrodes upon pressing. Pure lithium foil (Aldrich) was used as the

counter electrode. The electrolyte consisted of a solution of 1m LiPF6 in ethylene
carbonate (EC)/dimethyl carbonate (DMC)/ diethyl carbonate (DEC) (1:1:1 by
volume) obtained from MTI Corporation. The cells were assembled in an argonfilled glove box with the concentrations of moisture and oxygen below 0.1 ppm.
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5.2. Bottom-up Approach towards Single-Crystalline VO2Graphene Ribbons as Cathodes for Ultrafast Lithium
Storage
This sub-chapter was mostly copied from reference 29.

5.2.1. Abstract

Although lithium ion batteries have gained commercial success owing to

their high energy density, they lack suitable electrodes capable of rapid charging

and discharging to enable a high power density critical for broad applications. Here,
we demonstrate a simple bottom-up approach towards single crystalline vanadium

oxide (VO2) ribbons with graphene layers. The unique structure of VO2-graphene
ribbons thus provides the right combination of electrode properties and could
enable the design of high-power lithium ion batteries. As a consequence, a high

reversible capacity and ultrafast charging and discharging capability is achieved
with these ribbons as cathodes for lithium storage. A full charge or discharge is
capable in 20 seconds. More remarkably, the resulting electrodes retain more than
90% of the initial capacity after cycling more than 1000 times at an ultrahigh rate of

190C, providing the best reported rate performance for cathodes in lithium ion
batteries to date.
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5.2.2. Introduction
Lithium ion batteries are integral power sources in several of today’s

technologies.1-8 In order to achieve high-rate charging and discharging capabilities
needed for high power density applications like electric vehicles, one must

overcome the kinetic problems involving slow ion and electron diffusion within the
electrode materials.9,10 An effective strategy to enhance cycling rates is by reducing

the characteristic dimensions of the electrochemically active materials, since the
diffusion time of lithium ions (t) is proportional to the square of the diffusion length
(L) (t≈L2/D).10,11 In this regard, numerous nanoscale materials including

nanowires12, nanotubes3,13, nanoparticles14-16, nanosheets17,18 and nanoribbons19,20

have been recently synthesized and demonstrated for improving electrochemical
performance for lithium storage in battery devices. However, only modest

improvements in rate performances have been observed10,21 due to difficulties to

simultaneously possess efficient ion and electron pathways in un-modified

nanomaterials.1,9 To further circumvent this problem, various three-dimensional
(3D) architectures have been employed to serve as current collectors with high

electrical conductivity21-23 for nanomaterials. Although some improvements in
charging and discharging rates have been achieved with minimal capacity loss9,
these architectures commonly lead to the high-weight fraction of current collectors

in electrodes, decreasing the overall energy density of batteries. Moreover, the
complicated and limited approaches to fabricate such 3D architectures largely
hamper their practical applications in lithium ion batteries.9,21
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5.2.3. Results and discussion

Figure 5.2-1. Synthesis of VO2-graphene ribbons. (a) Fabrication of VO2graphene ribbons by a simultaneous hydrothermal synthesis and reduction of
layered V2O5-graphite oxide composites at 180 oC. Structural model of layered,
orthorhombic V2O5 phase projected along [001] facet is shown on the top left
of (a). And the ideal model of resulting monoclinic VO2(B) phase projected
along [010] facet is shown on the top right of (a), where the edge-sharing VO6
octahedra are visible. Typical FE-SEM images of (b) V2O5-graphite oxide
composites and (c) VO2-graphene sample hydrothermally treated for 1.5 and
12 h, demonstrating the formation of numerous ribbons with the width of
200-600 nm and length of several tens of micrometers.
Here, we demonstrate a simple bottom-up approach for synthesizing

vanadium oxide (VO2) ribbons with thin, flexible, single-crystalline features
simultaneously included with graphene layers as building blocks to construct 3D
architectures (denoted as VO2-graphene architecture) (Figure 4.2-1). Such unique
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architectures can provide (1) numerous channels for the access of electrolyte –
facilitating rapid diffusion of lithium ions within the electrode material, (2) a short

solid-state diffusion length for lithium – owing to the thin nature of VO2 ribbons, (3)

a high electrical conductivity of the overall electrode – based on the graphene
network, and (4) the highest content of elelctrochemically active material within the

electrode (up to 84% by weight). Our architectures can satisfy all the kinetic
requirements for ultrafast charging and discharging of an ideal electrode material,

i.e. rapid ion and electron diffusions. As a consequence, the VO2-graphene
architectures enable ultrafast, supercapacitor-like charge and discharge rates
having long cycle lifetime while maintaining a high reversible capacity.

We fabricated the VO2-graphene ribbons by a hydrothermal synthesis and

chemical reduction procedure simultaneously (for details, see Experimental
Methods). VO2 is a promising electrode material for both organic and aqueous

lithium ion batteries owing to its high capacity, unique structure, and suitable
electrode potential22-24. However it is limited by its poor cyclic performance as a

result of its high charge-transfer resistance

25.

Our designed protocol involves the

employment of graphene, which solves the electrical resistance problem with the
VO2 electrodes. To controllably fabricate the VO2-graphene architectures, graphene
oxide (GO) was used as the substrate for the in-situ growth of VO2 ribbons via the

reduction of V2O5 by GO. This reaction was carried out at a constant temperate of

180oC in a Teflon-lined autoclave, where V2O5 was initially dissolved in water and

dispersed onto the surface of GO sheets, and then gradually reduced to VO2 ribbons.
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The resulting ribbons and residual graphene oxide sheets simultaneously became

building blocks for the construction of 3D interpenetrating architectures. Notably,

the contents of VO2 ribbons in the as-prepared architectures were readily tunable

by simply adjusting the ratio between V2O5 and GO during the synthesis process

(three ratios of 9:1, 4:1 and 1.5:1 were chosen in this context). Finally, GO in the
resulting samples was chemically reduced to graphene (reduced graphene oxide),
giving rise to VO2-graphene architectures with various VO2 content (84%, 78% and
68%).

Figure 5.2-2. VO2–graphene ribbons. (a) Typical TEM image and (b,c) HRTEM
images of VO2 ribbons show the incontinuous graphene layers on the surface
of well-crystalline ribbons. The exposed lattice fringes shown in (c) has a
spacing of 0.21 nm, corresponding to the (003) plane of VO2 (B). (d) The
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representative diffraction patterns show well-defined arrays of dots,
demonstrating the single crystalline feature of VO2(B) ribbons. (e) Scanning
transmission

electron

microscopy

(STEM)

image

and

corresponding

elemental mapping of (f) vanadium, (g) oxygen, and (h) carbon, indicating the
homogeneous dispersion of V, O and C in all the ribbons.
The as-prepared VO2-graphene architectures, composed of numerous

ribbons and sheets with 3D interpenetrating network, were observed by field

emission scanning electron microscopy (FE-SEM) and transmission electron
microscopy (TEM) (Figure 4.2-1c, 2a). The lateral sizes of these ribbon building
blocks are typically in the ranges of 200-600 nm in width and several tens of
micrometers in length (Figure 4.2-1c and 2a). Atomic force microscopy (AFM)

images of the cross-section and thickness of the ribbons confirmed the same

morphology as observed from SEM and TEM, having a uniform thickness of ～10 nm.
Further inspection using high resolution TEM (HRTEM) and the corresponding

selected-area electron diffraction pattern (SAED) revealed that these ribbons are
single crystalline, as seen by the well-defined crystalline lattices (Figure 4.2-2b-2d).
A typical HRTEM image (Figure 4.2-2c) discloses the lattice fringes with a spacing of
0.21 nm, in good agreement with the spacing of the (003) planes of VO2 (B) (which

is described as bilayers formed from edge-sharing VO6 octahedra). More
interestingly, the nanosheets are tightly covered with graphene layers, as confirmed

by energy-dispersive X-ray (EDX) and electron Energy-Loss Spectroscopy (EELS).
Furthermore, the graphene layers decorating the VO2 ribbons are not continuous

(Figure 4.2-2b). Such features are favorable for good compatibility with organic
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electrolytes and offer easy access for lithium ions as well as facilitation of the fast

electron transfer, to promote lithium storage.

The structure of the ribbons is further analyzed by elemental mapping of

vanadium, oxygen and carbon. As presented in Figure 4.2-2e-2h, vanadium, oxygen,

and carbon atoms are homogeneously distributed in all the ribbons. To gain further

insight into the structure of the ribbons, we performed the X-ray diffraction (XRD)

patterns, Raman, and X-ray photoelectron spectroscopy (XPS) analysis. The XRD

patterns are indexed in the space group C2/m with standard lattice constants a =
12.03 Å , b =3.693 Å, c = 6.42 Å (β =106.6o) for VO2(B) with a monoclinic structure
(JCPDS No. 31-1438).24 Furthermore, no conventional stacking peak (002) of

graphene sheets at 2θ = 26.6o is detected, suggesting that the residual graphene

sheets may be individual monolayers that are homogeneously dispersed in the
resulting 3D architectures. The XPS analysis further reveal that the atomic ratio

between V and O is close to 1:2, well consistent with those from EDX and EELS. The
porous nature of VO2-graphene architectures is further demonstrated by the

nitrogen physisorption measurements. Their adsorption-desorption isotherms

exhibit a typical II hysteresis loop at a relative pressure between 0.6 and 0,

characteristic of pores with different pore sizes. Barrett-Joyner-Halenda (BJH)
calculations disclose that the pore size distribution is in the range of 3-20 nm,

meanwhile the open macropores can be estimated from the SEM images. The
adsorption data indicate specific surface areas of 405, 156 and 66 m2 g-1 for the VO2graphene architectures with VO2 contents of 68.3%, 78.1% and 84.3%, respectively.
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The electrochemical performances of the 3D VO2-graphene architectures

were systematically evaluated by galvanostatic discharge (lithium insertion) and
charge (lithium extraction) measurements at various rates (nC), where nC
corresponds to the full lithium extraction from electrodes in 1/n h. A very high

reversible capacity of 415 mAh g-1 with stable cycle performance is achieved at 1C,
in the case of VO2-graphene architecture with the VO2 content of 78% (Figure 4.2-3).

This is in stark contrast to those reported for VO2(B) nanomaterials, which show

continuous and progressive capacity decay along with cycling processes.23,25

Moreover, the initial reversible capacity is tunable by adjusting the content of VO2
ribbons in the 3D architectures (Figure 4.2-3a). The typical discharge-charge

profiles (Figure 4.2-3a) further exhibit the classic potential plateaus of VO2 (B) at ～
2.5 and 2.6 V, corresponding to the formation of LixVO2.25 Although the electrode

potentials are lower than those of the commercial cathode LiCoO2, this is considered

advantageous over high-power lithium ion batteries in regards to rapid discharge-

charge rates commonly causing high polarization of the electrodes resulting in the
oxidation and decomposition of the electrolyte; which couples with safety problems
of batteries.22,23
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Figure 5.2-3. Electrochemical performance of VO2-graphene architectures
under room temperature. (a) Representative discharge-charge curves of VO2graphene (78%) architecture at various C-rates over the potential range of
1.5-3.5 V vs. Li+/Li. (b) Rate capacities of VO2-graphene architectures with
different VO2 contents, measured for 30 cycles at each selected rate from 1C to
190C. (c) Capacity retentions of VO2-graphene architectures when performing
full discharge-charge at the highest rate of 190C (37.2 A g-1) for 1000 cycles. 1’
and 2’ are denoted as VO2-graphene architectures with the VO2 contents of 78%
and 68%, respectively.
More remarkably, the VO2-graphene architectures exhibit ultrafast charging

and discharging capability (Figure 4.2-3b). For example, the VO2-graphene
architecture containing 78% VO2 demonstrates reversible capacities as high as 222

and 204 mAh g-1 (Figure 4.2-3b) at the extremely high rates of 84C and 190C

(corresponding to 43 and 19 seconds total discharge or charge) respectively. These
high discharge-charge rates are two orders of magnitude greater than those

currently used in lithium ion batteries. Moreover, even after 1000 cycles at the
ultrahigh rate of 190C, both discharge and charge capacities are stabilized at about
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190 mAh g-1, delivering over 90% capacity retention (Figure 4.2-3c). To the best of

our knowledge, such an excellent high-rate performance is superior to all existing

cathode materials reported for lithium ion batteries.

In order to understand why VO2-graphene architectures exhibit such

excellent rate performance, the solid-state diffusion time of lithium over VO2

ribbons was estimated according to the formula of t = L2/D.10 A very short lithium

diffusion time of less than 0.01 s is obtained on the basis of the average thickness of
VO2 ribbons (～10 nm) and the lithium diffusion coefficient in VO2 ribbons (10-9-10-

10

cm2 s-1)26. Clearly, the limiting factor for discharging and charging in our 3D

architectures is the transfer of lithium ions and electrons to the surface of ribbons

rather than the conventional solid-state diffusion, similar to supercapacitors. In
addition to the favorable diffusion kinetics in VO2-graphene architectures, the

unique edge sharing structure of VO2(B) can also be resistant to the lattice
distortion and efficiently preserve the structural stability of VO2(B) during long

discharge-charge processes.23 Hence, an ultrafast, supercapacitor-like charge and
discharge rate having a long cycle lifetime is achieved with VO2-graphene

architectures. Furthermore, at the ultrahigh rate of 190C, the specific powers are as

high as 110 and 96 kW kg-1 for VO2-graphene architecture having VO2 contents of 78%
and 68% respectively. Assuming that the cathode takes up about 40% of the weight
of a complete cell, these values are still 40 times higher than those of the current
lithium ion batteries (～1 kW kg-1)1,27.
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Figure 5.2-4. Electrochemical performance of VO2-graphene architectures
under various temperatures. (a) Cycle performance of VO2-graphene
architectures under various temperatures from 25 to 75 oC at a current rate of
5C (1.9 A g-1) over the potential range of 1.5-3.5 V vs. Li+/Li. After the cycle
performance test at 75 oC, the environmental temperature is recovered to 25
oC

for another 30 cycles. (b) Nyquist plots of VO2-graphene architecture (78%)

after 30 cycles under various selected temperatures (25, 45, 60 and 75 oC),
obtained by applying a sine wave with amplitude of 5.0 mV over the frequency
range of 100 kHz–0.01 Hz. (c) Capacity retentions of VO2-graphene
architectures under the highest temperature of 75oC at a current rate of 28C. 1’
and 2’ are denoted as VO2-graphene architectures with the VO2 contents of 78%
and 68%, respectively.
In the case of ultrafast charging and discharging, the electrochemical

performance of an electrode material at high temperatures is another crucial factor.

To assess the stability of our new material, the electrodes were cycled under the

temperatures of 25, 45, 60 and 75oC, respectively (Figure 4.2-4). Apparently, the

capacity increases from 360 to 410 mAh g-1 with increasing temperature from 25 to
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75oC at a rate of 5C (Figure 4.2-4a). The enhanced capacity attributes to the

significantly reduced contact and charge-transfer resistances in VO2-graphene
architecture under higher temperatures (see Figure 4.2-4b). At the highest

temperature of 75oC, our material still shows an excellent capacity retention of

about 90% after 200 cycles at 28C (Figure 4.2-4c). In contrast, other reported

cathodes commonly show large capacity decay under high temperatures even at the
low rates (<1C) 28. These results clearly demonstrate that our cathode material can

provide fast discharging and charging capability with high capacity and long cycle

performance even at high temperatures. We believe that this is a breakthrough in

cathode materials with ultrafast charging and discharging capability, and can
significantly prompt the rapid development and applications of high-power lithium
ion batteries.

5.2.4. Methods
Graphene oxide (GO) nanosheets were synthesized from natural graphite

flakes by a modified Hummers method, the details of which were described
elsewhere.20 3D VO2-graphene architectures were synthesized by a hydrothermal

synthesis done simultaneous with an assembly procedure. In a typical procedure, a

10 mL of GO (2 mg mL-1) aqueous dispersion was mixed with different amounts of
commercially available V2O5 powder by sonication for 10 min. And then the
resulting mixture was sealed in a Telfon-lined autoclave, was hydrothermally

treated at 180 °C for various hours (1.5-24 h). No special definition, the samples

were obtained at 12h. Finally, the as-prepared samples were chemically reduced
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and freeze- or critical point- dried to preserve the 3D architectures formed during
synthesis process.

The morphology and microstructure of the samples were systematically

investigated by FE-SEM (JEOL 6500), TEM (JEOL 2010), HRTEM (Field Emission
JEOL 2100), AFM (Digital Instrument Nanoscope IIIA), XPS (PHI Quantera x-ray

photoelectron spectrometer) and XRD (Rigaku D/Max Ultima II Powder X-ray

diffractometer) measurements. Nitrogen sorption isotherms and BET surface area
were measured at 77 K with a Quantachrome Autosorb-3B analyzer (USA).

Electrochemical experiments were carried out in 2032 coin-type cells. The asprepared VO2-graphene monoliths or architectures were directly fabricated as
binder/additive-free working electrodes by cutting then into small thin round slices
with a thickness of ~1 mm and processing into these slices into thinner electrodes

upon pressing. The area of the electrodes is 0.79 cm-2. Pure lithium foil (Aldrich)

was used as the counter electrode. The electrolyte consisted of a solution of 1m
LiPF6 in ethylene carbonate (EC)/dimethyl carbonate (DMC)/ diethyl carbonate

(DEC) (1:1:1 by volume) obtained from MTI Corporation. The cells were assembled
in an argon-filled glove box with the concentrations of moisture and oxygen below

0.1 ppm. The electrochemical performance was tested at various current rates in the

voltage range of 1.5-3.5 V. The impedance spectra were recorded by applying a sine
wave with amplitude of 5.0 mV over the frequency range from 100 kHz to 0.01 Hz.
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5.3. Boron- and Nitrogen-Substituted Graphene
Nanoribbons as Efficient Catalysts for Oxygen
Reduction Reaction
This sub-chapter was mostly copied from reference 31.

5.3.1. Abstract

We show that nanoribbons of boron- and nitrogen-substituted graphene can

be used as efficient electrocatalysts for the oxygen reduction reaction (ORR).

Optimally doped graphene nanoribbons made into three dimensional porous

constructs exhibit the highest onset and half-wave potentials among the reported
metal-free catalysts for this reaction, and show superior performance compared to

commercial Pt/C catalyst. Furthermore, this catalyst possesses high kinetic current
density and four-electron transfer pathway with low hydrogen peroxide yield

during the reaction. First principles calculations suggest that such excellent

electrocatalytic properties originate from the abundant edges of boron- and

nitrogen- co-doped graphene nanoribbons, which significantly reduce the energy
barriers of the rate-determining steps of the ORR reaction.
5.3.2. Introduction

Due to the kinetic sluggishness of ORR with the four-electron transfer

pathway in the electrodes, developing new active electrocatalysts for oxygen

reduction reactions (ORR) has recently become a key to boost the practical
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applications of fuel cells and metal-air batteries1-3 Although platinum (Pt) and its
alloys exhibit high activity for ORR, their performance has been overshadowed by

the high-cost and scarcity of Pt, and by the reduced thermal efficiency caused by

substantial overpotential for the ORR.4-6 Hence, intensive efforts have been devoted
to substitute Pt-based catalysts by employing non-precious metal catalysts and

preferably metal-free catalysts. For instance, various heteroatom (nitrogen, sulphur

or phosphorus)-doped carbon nanotubes, mesoporous carbons and graphene sheets

have been widely explored for ORR catalysts via various synthesis approaches.1-3,7-12
The research of designing new catalysts to reduce the overpotential and
understanding the nature of ORR catalytic sites and mechanisms in metal-free
catalysts is still in its infancy.13-16

In general, the adsorption of oxygen and formation of superoxide through a

one-electron reduction on metal-free catalysts such as N-doped graphene sheets
have been suggested as the initial ORR steps, and O2 adsorption is proposed to be

the rate-determining step.16-18 Since oxygen is preferred to be adsorbed onto the
exposed edges of N-doped graphene rather than the basal planes, it is clear that the
edges of N-doped graphene-based catalysts possess high ORR activity while the

basal planes remain virtually ORR inactive.12,17,19 Thus, edge-abundant, nitrogendoped graphene would facilitate the formation of catalytic sites for ORR. In this

regard, unique carbon nanotube-nanoribbon complexes with controllable nitrogen

doping have been recently explored via partially unzipping carbon nanotubes and
subsequent annealing under NH3 atmosphere, showing enhanced catalytic activity
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for ORR. However, in rotating-disk electrode (RDE) polarization studies, their ORR

onset potentials and half-wave potentials (E1/2) are still lower than those of

commercially available Pt catalysts.2 This would result in high overpotentials of fuel

cells at practical operating current densities, and cause low thermal efficiency.5

Thus, developing new strategies to engineer efficient metal-free ORR catalysts still

remains challenging.

5.3.3. Results and discussion
Here, we develop an efficient approach to construct three-dimensional (3D)

architectures from numerous edge-abundant boron- and nitrogen-substituted

carbon nanoribbons (hitherto termed BNC NR) for ORR electrocatalysts. The typical

synthesis approach involves the use of oxidized graphene oxide nanoribbons (GONR)
as building blocks to construct 3D architectures and subsequent employment of
boric acid and ammonia as boron and nitrogen doping sources. The resulting 3D
BNC NR possess abundant edges, thin walls, tunable BN content and multilevel
porous structures. Such unique features not only provide a large amount of active

sites for ORR, but are also favorable for the fast transport of oxygen and reduction

products. As a consequence, BNC architectures with BN content of ~ 10 at% exhibit
excellent ORR electrocatalytic properties, including high electrocatalytic activity,

long-term durability and high selectivity. Remarkably, this catalyst possesses the

highest onset and half-wave potentials for ORR in alkaline media of any reported
metal-free catalyst, and even outperforms the most active Pt-C catalyst.
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The synthetic procedure to 3D BNC NR involves three steps. First, water-

dispersible GONR was synthesized by unzipping multi-walled carbon nanotubes
under oxidation conditions.20 The as-prepared GONR was then used as building

block to construct 3D GONR architectures via a cross-linking reaction at 180 °C in an

autoclave, similar to the formation of 3D graphene oxide hydrogels.21-23 After freezedrying, the samples were annealed with boric acid and ammonia at 1000 °C, where

GONR were thermally reduced to graphene nanoribbons (GNRs), and at the same
time boron and nitrogen were co-doped into the GNRs, creating 3D BNC NRs (for the

details, See Experimental Methods in Supplementary Information).24 Notably, the
BN content in the resulting materials was controllably adjusted from 5.9 at% to 24.2

at%. BNC-1, BNC-2, BNC-3 and BNC-4 are corresponding to annealing time of 15 min,
30 min, 45 min and 1 h, respectively. The oxygen percent is very low and ignored
here. The BNC NR products can be produced in large volume with low volume
densities of ~ 10 mg/cm3 (Figure 4.3-1A).
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Figure

5.3-1.

Structure

characterization

of

the

BNC

nanoribbon

electrocatalysts. (A) Photograph showing the morphology of BNC NR aerogels.
(B) Schematic diagram of 3D BNC NR aerogels. (C) TEM image of the BNC NR
aerogels shows its 3D porous structure. (D) STEM ADF image of BNC NR with
~10 at% BN and the corresponding elemental mapping of (E) carbon, (F)
boron and (G) nitrogen. High-resolution XPS spectra of (H) C 1s, (I) B 1s and (J)
N 1s from BNC NR aerogels with different B/N substitution levels from 5.9 at%
to 24.2 at%.
The structure and morphology of as-prepared BNC NR were investigated by

scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
As shown in Figs. 4.3-1C, the 3D interpenetrating networks built from numerous

flexible ribbons are clearly visible. The lateral sizes of the building block ribbons are
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typically in the range of tens of nanometers in width and several tens of

micrometers in length (Figure 4.3-1C). Their adsorption-desorption isotherms
exhibit a typical IV hysteresis loop at a relative pressure between 0.4 and 1.0,
characteristic of pores with different pore sizes. In a typical case of BNC NR with ~

10 at% BN doping content, a high specific surface area of 875 m2/g is observed from
the adsorption data. This value is much higher than that of the directly dried GONR

powder (201 m2/g), further demonstrating that our controllable assembly strategy
is an efficient protocol to prevent the re-stacking of GNRs. Figs. 4.3-1D-1G show a

typical scanning transmission electron microscopy (STEM) annular dark field (ADF)
image and elemental mapping of BNC NR with ~10 at% BN, where all the elements
(B, C, and N) are homogenously distributed throughout the whole NR. The electron

energy loss spectroscopy (EELS) and X-ray photoelectron spectroscopy (XPS)

analysis further shows that only carbon, boron, nitrogen and oxygen are present in
the BNC NR, and the BN content can be tailored by controlling the duration of the

annealing process under boron and nitrogen environment. The complex B1s spectra
can be further deconvoluted into three different components with binding energies

of 190.3, 191.1, and 191.9 eV, attributed to BNC2, BN2C and BN3, respectively.25

Correspondingly, the N1s spectra can be fitted with three peaks at 398.3, 399.1 and

400.0 eV, ascribed to NB3, NB2C and NBC2, respectively.25 Upon increasing the
annealing time from 15 min to 1 h, the signals for BN3 and NB3 significantly increase,
suggesting the aggregation of BN pairs into BN domains at high BN
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concentration.24,26 In addition, the substitutional doping is supported by the
increase of the D peak in the Raman spectra from the converted BNC NR.

Figure 5.3-2. Electrocatalytic characterization of BNC NR aerogels with
different doping concentrations of BN. (A) CVs of BNC-2 NR catalyst in O2- or
Ar-saturated 0.1 M KOH electrolyte. (B) Disk current densities of the RRDE
versus potential derived from BNC-2, N-doped GNR aerogels and commercial
Pt/C catalyst. (C) Disk current densities of the RRDE versus potential derived
from BNC NR aerogels with different compositions in oxygen-saturated 0.1 M
KOH, also with the corresponding H2O2 percentage of each sample calculated
from the RRDE disk and ring current. (D) Comparison of the ORR
performances of different BNC NR aerogels and commercial Pt/C catalyst in
kinetic current densities (JK) and electron transfer number (n).
The electrocatalytic activity of BNC NR for ORR was initially examined by

cyclic voltammetry (CV) in the potential range from 0.2 to -1.0 V vs. Ag/AgCl at a
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scan rate of 100 mV/s. As shown in Figure 4.3-2A, in the Ar-saturated 0.1 M KOH

solution, a featureless voltammogram without any evident peak is observed. In

contrast, as the KOH solution is saturated with O2, a well-defined and strong

cathodic peak occurs at about 0 V, indicating the high catalytic activities of BNC NR

for ORR. More importantly, this cathodic peak is even more positive than that of
commercially available Pt/C catalyst (-0.2 V). To gain further insights into the ORR
activity of BNC NR, rotating ring disk electrode (RRDE) voltammetry was performed

in O2-saturated 0.1 M KOH solution at a scanning rate of 10 mV/s (Figure 4.3-2B, 2C).
The electrocatalytic properties including the onset potential, half-wave potential,
saturated current density and electron transfer number are strongly dependent on

B and N doping concentrations in BNC NR. As shown in Figure 4.3-2C, with an
increase of the doping level from 5.9 at% to 24.2 at%, the onset potential first
increases and then decreases with the highest value of 0.1 V vs. Ag/AgCl (1.09 V vs.
RHE) for BNC-2 with ~ 10 at% BN content. More remarkably, the half-wave

potential of BNC-2 is only -0.03 V vs. Ag/AgCl (0.96 V vs. RHE) (Figure 4.3-2B),

which is higher than any reported metal-free catalyst in alkaline media (0.4 to 0.8 V
vs. RHE)2,27,28 and even higher than commercial Pt-C catalysts (0.87 V vs. RHE in this
study). To avoid any problem caused by using Ag/AgCl reference in alkaline solution
(chloride contamination), Hg/HgO reference was also used to test the RRDE

voltammetry curves of BNC-2 and commercial Pt-C catalysts, and the same
conclusions can be made. Based on above data, BNC-2 has much better

electrocatalytic performance than N-doped GNRs, as well as the un-doped GNRs.

215

Such high onset potential and half-wave potential could give rise to a very low
overpotential.

From the RRDE voltammograms, the production of peroxide species (HO2−)

during the ORR process can also be identified. It is striking that the HO2− yields are

less than 5% for the BNC NR with BN content ranging from 6 at% to 10 at% (Figure

4.3-2C). This value is close to that of commercial Pt-C catalysts (4 to 5%), suggesting
that these BNC NR exhibit mainly one-step, four-electron transfer pathway for ORR.

The kinetic parameters, including electron transfer number (n) and kinetic current

density (JK) of the resulting BNC NR (Figure 4.3-2D) were further analyzed on the

basis of the Koutecky–Levich equations. An electron transfer number of ~3.9 is

achieved for the BNC NR with the BN content ranging from 5.9 at% to 9.7 at%, in
good agreement with the above analysis. However, with the increase of BN content
from 16.4 at% to 24.2 at%, the electron transfer number of the BNC NR is reduced

from 3.6 to 3.2, involving mixed two-electron and four-electron transfer pathways
during the ORR process. The decrease of the electron transfer number can be
attributed to the reduction of the conductivity with increased BN content24,

obstructing electrons transfer from electrode to the oxygen atoms or molecular. The

kinetic current density of BNC NR is also strongly governed by the BN content.
Typically, the highest kinetic current density of 7.2 mA/cm2 is observed for BNC-1.

This value is much higher than that of commercial Pt/C (JK = 4.3 mA/cm2) under the

same testing conditions. Overall, the catalytic activity increases at the beginning and
then decreases with increase of BN content, which can be explained by the change of
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active catalytic sites and electrical conductivity of the BNC NR. At the beginning,
increasing the BN concentration (< 10%) results in more active catalytic sites,
leading the improvement of their catalytic activity. However, further increasing the

doping concentration (> 10%) would undermine the conductivity of BNC, which
would weaken the charge transport from electrode to oxygen.

Figure 5.3-3. Theoretical simulations. (A) Schematic representations of
structural models along with some selected intermediate states. The interface
(a line of zigzag BN chain) could either simply represent the bulk interface
where the BN and graphene domains meet, or be saturated by hydrogen atoms
forming edge interface. (B) Free energy diagram for ORR on different models
for comparison under the conditions of pH = 13 and the maximum potential
allowed by thermodynamics. The proposed associative mechanism involves
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the following steps: (1) O2 + 2H2O + * + 4e¯ → O2* + 2H2O + 4e¯;(2) O2* + 2H2O +
4e¯ → OOH* + H2O + OH¯ + 3e¯; (3) OOH* + H2O + OH¯ + 3e¯ → O* + H2O + 2OH¯ +
2e¯; (4) O*+ H2O + 2OH¯ + 2e¯ → OH* + 3OH¯ + e¯; (5) OH* + 3OH¯ + e¯ → 4OH¯ + *,
where * denotes an active site on the catalyst surface.
To further shed light on the ORR catalytic behaviors of BNC NR with various

BN contents, spin-polarized density functional theory (DFT) calculations were

performed using the Vienna ab-initio Simulation Package (VASP).29 Five

configurations, (i) one BN pair in the middle of a graphene sheet (Bulk), (ii) one BN
pair at the edge (Edge), (iii) three BN pairs at the edge (Edge cluster), (iv) a line of

BN pairs at the nanoribbon edges (Edge interface), and (v) interface between BN and
graphene domains (Bulk interface), representing different doping concentrations,

are shown in Figure 4.3-3A. As proposed by Bao et al., O2 reduction in alkaline

solution follows the associative rather than the dissociative mechanism.30 The free

energy diagrams (Figure 4.3-3B) clearly show that, in the case of Bulk doping, the

highest energy barrier is 1.18 eV for O2 adsorption, which is identified as the rate-

determining step. In sharp contrast, with the introduction of one BN pair at the GNR
edges (Edge), the O2 adsorption becomes energetically favorable. With further

increasing the BN doping level, h-BN domains tend to nucleate and grow in the

GNRs,24,25 forming finite Edge cluster, Edge interface, or Bulk interface (Note that for
Edge cluster case we consider the active C site bonding to the middle B site to make
a difference from the Edge case.). Our simulations demonstrate that not only the

binding of O2 for all these three cases remains a steep uphill process, but also the
barriers for proton transfer to adsorbed O are larger than 1 eV, indicating weak OH
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binding relative to the strong O binding. For the Edge case, the binding between the
OH and edge C next to B atom, where the π bonding in graphene is partially broken,

renders the bond hybridization of the C atom changing from sp2 to sp3 (bottom right

in Figure 4.3-3A). This makes the energy for OH adsorption and the barrier for the O

protonation decrease significantly. Thus, the decreased number of such edge C sites,

the increased barriers for the two rate-determining steps at the interfaces, and the
reduced electrical conductivity clearly explain the above electrocatalytic activity
change as doping concentration varies from 5.9 at% to 24.2 at%. Further analyses
show that the spin polarization of the edge C atoms near active B sites plays a key

role in the enhancement of the binding of O2 (See detailed discussions in
Supplementary Information).

To evaluate the properties of a new electrocatalyst for ORR, the crossover

effect should also be considered, since the fuel in the anode, such as methanol or

glucose, might permeate through the polymer membrane to the cathode and
seriously affect the performance of the ORR catalysts. Thus, the electrocatalytic

sensitivity of BNC-2 NRs and commercial Pt/C catalysts were measured against the
electro-oxidation of methanol in ORR. As shown in Figure 4.3-4A, current density-

time responses were used to detect the effect of oxygen and methanol. Both of them
have a strong response to O2; however, a significant decrease in current density is

observed for the Pt/C catalyst in O2-saturated 0.1 M KOH solution when 3M
methanol is added, whereas no noticeable response for BNC-2 NRs is detected.

Apparently, BNC-2 NRs show a good selectivity for ORR and, thus, a remarkably
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better tolerance of crossover effect against methanol than commercial Pt/C catalysts.
More importantly, the durability of the BNC architecture is much better than that of
Pt-C. As shown in Figure 4.3-4B, after 5000 continuous cycles, both the onset
potential and the half-wave potential almost overlap with the first cycle,
demonstrating the excellent durability of the BNC NR for ORR.

Figure 5.3-4. ORR performances of BNC-2 NR aerogel catalyst for assessment
of methanol tolerance and durability. (A) Current density-time responses at 0.4 V in 0.1 M KOH on BNC-2 and Pt-C electrode (900 rpm) followed by
introduction of O2 and methanol (0.3 M). (B) Cycle performance of BNC-2
before and after 5000 potential cycles in O2-saturated 0.1 M KOH.
5.3.4. Conclusion
In summary, we have demonstrated that optimally doped boron and nitrogen

in graphene nanoribbons show excellent ORR electrocatalytic activity, even better
than the commercial Pt-C catalysts. The high activity, excellent tolerance to
methanol, high durability and superior high half-wave potential are achieved for

optimally doped (10 at% BN) BNC NR catalysts in comparison to other metal-free

catalysts in alkaline solution. The new BNC catalysts could serve as efficient metal-
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free ORR electrocatalysts for fuel cells and other electrochemical and catalytic
applications.
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