




 
 
 

ABSTRACT 

Growth of 2D materials and application in electrochemical energy 

conversion 

by 

Gonglan Ye 

The discovery of graphene in 2004 has generated numerous interests among 

scientists for graphene’s versatile potentials. The enthusiasm for graphene has 

recently been extended to other members of two-dimensional(2D) materials for 

applications in electronics, optoelectronics, and catalysis. Different from graphene, 

atomically-thin transition metal dichalcogenides (TMDs) have varied band gaps and 

would benefit for applications in the semiconductor industry. One of the promising 

applications of 2D TMDs is for 2D integrated circuits to replace current Si based 

electronics. In addition to electronic applications, 2D materials are also good 

candidates for electrochemical energy storage and conversion due to their large 

surface area and atomic thickness. This thesis mainly focuses on the synthesis of 2D 

materials and their application in energy conversion. Firstly, we focus on the 

synthesis of two-dimensional Tin Disulfide(SnS2). SnS2 is considered to be a novel 

material in 2D family. 2D SnS2 has a large band gap (~ 2.8 eV) and high carrier 

mobility, which makes it a potential applicant for electronics. Monolayer SnS2 with 

large scale and high crystal quality was successfully synthesized by chemical vapor 

deposition (CVD), and its performance as a photodetector was examined. The next 



 
 
 

chapter demonstrated a generic method for growing millimeter-scale single crystals 

as well as wafer-scale thin films of TMDs. This generic method was obtained by 

studying the precursors’ behavior and the flow dynamics during the CVD process of 

growing MoSe2, and was extended to other TMD layers such as millimeter-scale WSe2 

single crystals. Understanding the growth processes of high quality large area 

monolayers of TMDs is crucial for further fundamental research as well as future 

development for scalable complex electronics. Besides the synthesis of 2D materials 

with high qualities, we further explored the relationship between defects and 

electrochemical properties. By directly observing and correlating the microscale 

structural changes of TMD monolayers such as MoS2 to the catalytic properties, we 

were able to provide insight on the fundamental catalytic mechanism for hydrogen 

evolution reaction. Finally, we used the 2D materials to build up 3D architectures, 

showing excellent performance in energy storage and conversion. For example, we 

used graphene as a conductive scaffold to support vanadium oxide (V2O5) on 

nanoscale, and achieved high performances for supercapacitors. Also, we applied the 

Pt anchored N-doped graphene nanoribbons as the catalyst for methanol electro 

oxidation, and reported the best performance among Pt/Carbon-based catalysts.  
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Chapter 1 

Introduction 

1.1. History of 2D materials 

Layered materials have been existed and investigated for over hundred years.1,2 

However, the study of the potential applications of layered materials was only started 

recently.3 In the year 2004, Novoselov et al.4 demonstrated the existence of single 

layer graphene can be prepared by cleavage from bulk form and studied the electrical 

performance, making 2D materials a reality. Since then, 2D materials have attracted 

significant attentions all around the world. Graphene is the first 2D material that has 

been largely studied. It is a material consists of a single layer of sp2-bonded carbon 

atoms that were arranged in a honeycomb lattice.2 In the past few years, rapid 

progress has been made to synthesis graphene and develop applications of graphene. 

Many interesting works have been demonstrated in the laboratory settings and some 

works or products have been applied at the industrial scale. Those attractive 



 21 
 

applications of atomic layer graphene are including flexible and stretchable 

electronics,5 sensors,6 solar cells,7 batteries,8 supercapacitors,9 and tunable 

plasmonic devices for optics applications.10 

In addition to those promising properties of graphene, it should be noticed that it is 

just one of 2D materials in its family.11 2D material covers insulators, metals, and 

semiconductors, such as boron nitride (BN),12 graphene, and molybdenum disulfide 

(MoS2),13 et al. It represents the dimension of a material in a vertical direction, which 

can be layered down to atomic thickness.  Based on the Moore’s law,14 nanoelecronics 

fabricated by 2D materials could have potential to replace current low-mobility Si-

based electronics due to the atomic thickness and high-mobility. In addition to 

graphene, other 2D materials, such as MoS2,15,16 WS2,17 et al., are the potential 

compliments to graphene in electronics. Unlike graphene that has a 0 eV band gap, 

they have different band gaps range from 1.2 eV to 2.8 eV. What’s more, the potential 

higher electronic bandgaps could have advantageous over silicon for overcoming the 

source-to-drain tunneling at the scale limit of transistors. Recently, many different 

electronic devices have been fabricated based on atomic layer TMDs, including field-

effect transistors (FETs),18 sensors, and phototransistor.19 In addition to electronic 

devices, 2D materials with atomic thickness also offer a great system for nano-energy 

related studies.8,20,21 The unique properties and thickness of 2D materials have 

attracted more and more research attentions in various areas to take advantage of 

this new material system for improving the current electronics, sensors, 

optoelectronics, energy, biomimetic applications and inventing new areas. 
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The synthesis of atomic layer 2D materials, especially graphene, can be back to as 

early as 1960s. Boehm’s group firstly reported the synthesis of graphene through the 

reduction of graphene oxide, and the thickness together with the surface area of 

graphene have been characterized in their study.22–24 Since then, other different 

methods for preparing atomic layer graphene became available. Those methods are 

including graphite intercalation compounds, mechanical exfoliation, et al. In the year 

2004 and 2005, monolayer graphene was successfully achieved by mechanical 

exfoliation and its electrical properties was reported.2,4,25 This is a breakthrough of 

2D materials, and many efforts in synthesis as well as application of 2D materials have 

been done afterwards. Recently, enormous progress of 2D materials have been 

reported, including large scale synthesis, and applications both in fundamental and 

new areas.26 This thesis will focus on both the synthesis and application of 2D 

materials, I will start in the next sub-section in reviewing some fundamental 

information of graphene and other 2D materials.  

1.1.1. Basics of layered materials 

Dimensionality is one of the most basic material parameters, which defines the 

structure and property of materials.4 Materials with same chemical compounds can 

form different dimensionalities and exhibit different properties. For example, carbon 

has been studied as fullerenes, nanotubes, atomic layers, aerogels, which are the 

represents of 0D, 1D,27 2D and 3D, respectively. For the 2D carbon, known as 

graphene, was firstly reported by Novoselov’s group at 2004. After that, researchers 

have made a lot of efforts on trying to split layered materials into individual atomic 
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layers. Right now, more than a dozen layered materials have been explored, and they 

have many potential applications. Those layered materials include not only carbon, 

but also boron nitride, TMDs, oxides, and other layered metals. Figure1.1-1 lists parts 

of current members in the 2D layered materials family.28,29 Among all the layered 

materials, graphene is the mostly studied materials, and exhibits many advanced 

properties. Detailed information of graphene will be shown in the following sub-

chapter 

 

Figure 1.1-1. Chart illustrats the categorized library of 2D materials. Data are 
adapted from 28. hBN is a hexagonal boron nitride; BCN is 2D nanocomposites 
containing boron, carbon and nitrogen; BSCCO is bismuth strontium calcium 

copper oxide. 
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1.1.1.1. Graphene 

Graphene has a hexagonal honeycomb lattice structure, and exhibits exceptional 

properties.30 It’s unique structure, which the long-range π-bonding electrons allows 

for the graphene yields high mobility, extraordinary thermal and mechanical 

properties.5,11 Graphene has long been the exciting area of many experimentalists, 

including electronics, photonics, and energy. Since the first discovery of single layer 

graphene by mechanical exfoliation, finding alternative routes to synthesis high 

quality monolayer graphene becomes one of the most important research area. Those 

methods are including micromechanical exfoliation using scotch tape,31 liquid 

exfoliation,32 chemical vapor deposition,33 or hydrothermal synthesis,34 et al. I will 

introduce those methods more detailed in the synthesis part.  

1.1.1.2. Beyond graphene: Transition metal dichalcogenides (TMDs) 

After the discovery of graphene, more than a dozen 2D materials can be successfully 

isolated and explored in less than 10 years. The rapid progress in graphene leads to a 

growing interests in other 2D materials and van der Waals solids.35 Due to the 

fascinating electrical, chemical, thermal, and optical properties, 2D materials become 

mostly studied and have been widely used for different applications.36 In particular, 

single layer of TMDs have attracted significant attentions due to their diverse physic 

properties and natural abundance. TMDs have a similar chemical formula of MX2, 

where M represents for a transition metal atom, and X represents for two chalcogen 

layers.37,38 Every individual layer of TMDs is bonded with a weak Van der Waals 
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interaction, while the plane is bonded with strong chemical bonds. Normally, there 

are mainly two types of crystal structures of TMDs based on its stacking layers, a 

trigonal prismatic phase (2H) and an octahedral phase (1T), as shown in Figure 1.1.1-

2.26 Through atomic gliding of the layers, two phases can be transformed to each 

other. What’s more, a single crystal of 2D materials exhibits two polymorphs, 

hexagonal 2H structure and rhombhedral modification 3R structure, and 2H poly-

type is more stable and dominant.26,39 Normally, TMDs in bulk form usually exhibit as 

indirect semiconductors with a 2H phase. However, if the thickness of TMDs layer is 

lowered to monolayer, the band gap will behave as a direct band gap.26,36,40 For 

example, MoS2 exhibits as an indirect band gap with 1.0-1.29 eV in bulk, while 

changes to a direct band gap with 1.1 eV in monolayer.41 However, there are also some 

exceptions. For example, ReS2 exhibits as a direct band gap semiconductor both in 

bulk and monolayer form,42 and SnS2 exhibits as an indirect gap semiconductor in 

both forms.43 The band structures of 2D materials can be calculated by using density 

function theory (DFT).44 For the multilayer system, it is now being studied 

significantly due to the capability of stacking with different orientations and different 

materials. The multilayer system opens up the opportunity in producing new 

materials with different physics properties. 
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Figure 1.1-2. The structures of the (a) 2H, (b) 3R and (c) 1T phases of 

molybdenum and tungsten dichalcogenides. The metal atoms (M) are gray and 

the chalcogen atoms (X) are yellow, (d) 1H and (e) 1T phases of single layer 

molybdenum and tungsten dichalcogenides. The metal atoms are purple and 

the chalcogen atoms are yellow).26 

TMDs are good candidates for new generation electronics because of their high 

mobility and good conductivity.37 In addition, the atomic thickness and various band 

gap of TMDs have potentials in replace current Si-based semiconductors. Because the 

evolutionary path of the Si complementary metal oxide semiconductor (CMOS) 

industry comes to its limit, there is an urgent need for alternative materials.5 The 

challenges for the metal oxide semiconductor field effect transistors (MOSFET) are 

the preservation of electrostatic control and the elimination of short-channel 

effects.36 This indicates that 3D contact electrodes need to be used as connection for 
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2D systems at source and drain. What’s more, the type of carrier of metal contacts 

that inject to 2D systems also influences the final performance of 2D materials as 

MOSFET, such as MoS2. And the Schottky barriers dominated the metal-to-

semiconductor contacts, which hinder current transmission efficiency.26 Moreover, 

the Fermi-level-pining is another problem that limits the electronic performance.1 

However, this problem can be solved by the replacement of metal electrode with 

graphene due to the zero-band gap nature of graphene. Unlike MoS2, MoSe2 FETs are 

mainly influenced by its electron transport.1  A monolayer MoSe2 has a direct band 

gap 1.5-1.6 eV, which is lower than MoS2, thus hole transport in MoSe2 FETs is more 

effective.45 While in the case of WS2 or WSe2, the Femi-level pinning is near middle of 

the band gap, which leads to ambipolar conduction and benefits for designing p-type 

or n-type FETs. In addition to Mo- or W-based TMDs, many other type of TMDs have 

also been studied for FETs, such as SnS2, GaSe2, et al. SnS2 will be introduced in the 

next sub-chapter. Mobility is one of the most important characters for FETs, and 

TMDs have mobility ranges from 10-200 cm2/Vs. However, the low mobility of TMDs 

as FET will not influence its potential to replace current Si-based electronics.18,29,46–48 

TMDs are also excellent candidates for high-gain photo-detections because of their 

high charge carrier mobility.19 The conductivity of 2D materials is highly sensitive to 

electrostatic perturbation through photo-generated carriers that connected to the 

surface. Thus, 2D materials are excellent for gain photo detection by imputing the 

photo gate effect. What’s more, the atomic thickness also important for optoelectronic 

application.49–51 Atomic layer 2D materials have a direct band gap that allows for the 
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efficient photo adsorption or emission process. Because a direct band gap allows 

phonons with higher energy than directly absorbed or emitted band gap, while an 

indirect band gap needs additional phonon to compliment the momentum 

differences.10,22,38 Thus, monolayer TMDs with direct band gaps have attracted 

considerable interest in exploring their optoelectronic properties. The thickness of 

TMDs largely influences its photoluminescence quantum yield. The quantum yield of 

monolayer MoS2 is more than a factor of 104 larger than its bulk or multilayer 

form.36,38,52 What’s more, the changing of substrate or the suspending of the flakes of 

MoS2 will largely influence its quantum yield. Experimental observations also show 

that the photoluminescence of TMDs can be tuned by defect engineering, such as 

oxygen bonding, or n- and p-type doping.17,52 Phototransistor is an interesting 

optoelectronic application of 2D materials. It works as a FET in the dark field, whereas 

the light with different wavelength illuminated and results in the creation of electron-

hole pairs that move towards electrodes and generate extra photocurrent. The photo 

responsivity (R=Iph/P), where Iph represents for photo-generated current and P 

represents for the incident light, is considered to be the most important parameter.50 

TMDs with higher carrier mobility would have higher photo responsivity. For 

example, MoS2 with exfoliated monolayers have ~7.5 mA/W, while a few layer 

samples increased to ~120 mA/W due to the higher carrier mobility.  The photo 

responsivity of a phototransistor can be highly affected by the contact resistance. The 

Schottky barriers is the main factor that degrades the performance of a 

phototransistor because it can lower photocurrent collection efficiency.50 Thus, a 
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monolayer WSe2 phototransistor can obtain photo-responsivity as large as ~1.8* 105 

A/W by creating low-resistance ohmic contacts.1 In addition to phototransistor, p-n 

photodiode is another interesting optoelectronic device. It has three distinct 

operation modes, including photodetector mode, photovoltaic mode, and 

electroluminescence mode. In a photodetector mode, the p-n junction is illuminated 

by reverse-bias and the photocurrent generated at the junction by electro-hole 

pairs.26 It was characterized by photo-detection efficiency. A photovoltaic mode 

represents the p-n junction illuminated under a zero-bias, where the photocurrent is 

restricted to flow out of device. The character of this mode is external quantum 

efficiency (EQE, EQE = (Isc/Plaser)/(hc/eλ)), which represents for a function of 

wavelength λ at a constant laser power Plaser, Isc shows the short-circuit photocurrent, 

and h represents for Planck’s constant, c represents for the speed of light, and e means 

the electron charge.6,36 For the electroluminescence mode, light was emitted after the 

current injected to the junction, which is a basic form of light-emitting diodes. In Mo- 

and W- based TMDs, WSe2 is an ambipolar semiconductor that the p- or n- type can 

be easily tuned by the threshold voltage shift through electrostatic doping via local 

bottom gate. It has been reported that a WSe2 p-n photodiodes can obtain a photo-

detection efficiency as high as ~210-320 mA/W, the EQE at 522nm can be 0.2%, and 

the electroluminescence peak at 752nm.53–55 

TMDs are not only good candidates for electronics, optoelectronic, they also have 

promising applications in catalysts, including photocatalysts and electrocatalysts. 
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MoS2 is the mostly studied TMDs as a catalyst for water splitting. There will be a 

chapter introduce this area.  

1.1.1.3. SnS2 

2D materials have shown promising applications in different areas, and there are 

many progress since the discovery of graphene. There are increased interests in 

exploring different 2D materials, especially TMDs. Mo- and W- based TMDs have been 

intensively studied and variety properties have been explored, such as their unique 

physical, electronic, and structure properties. As research in this field has grown, a 

large number of atomic layer materials with unique properties have emerged.  Here, 

I am going to introduce tin disulfide (SnS2) as a novel material in 2D family since it 

has a large band gap and is natural abundant.46 

SnS2 is a layered hexagonal crystal structure. It has a CdI2 type structure with lattice 

parameters a=0.3648nm, c=0.5899nm in a space group of P-3m1.56 SnS2 triple layers 

are formed in a sandwich structure, where two layers of sulfur atoms are close packed 

with one Tin atoms in a SnS6 octahedral coordination at the edges. Different layers of 

SnS2 are interconnected with each other by weak Van der Waals interaction. 

Numerous researchers have been explored on bulk SnS2 because its environmental 

friendly and earth abundant. Furthermore, bulk SnS2 has been demonstrated as 

technological and scientific importance due to its good size-dependent physical and 

chemical properties.57  
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SnS2 is a potential candidate for photocatalysis. Hennig’s group demonstrated that 

single layer SnS2 has potential photocatalytic property via first-principles study. 40,58 

It has an indirect band gap of 2.25 eV as a bulk and 2.75 eV for a monolayer, which 

was located at the range of visible light and efficient for photocatalytic water splitting. 

Furthermore, it has a high energy of solvation, dynamically stable phonon modes, and 

the formation energy is low. Moreover, people demonstrated single-layer SnS2 is 

stable in aqueous solution. In their study, it shows SnS2 requires an external potential 

of ~0.9 eV for water splitting, which is typically a small overpotential for the hydrogen 

evolution reaction. Experimental results further demonstrate SnS2 nanostructures 

synthesized by solvothermal method could be candidates for new photocatalysts.  

SnS2 is also a potential earth abundant and environmental benign materials for Li-ion 

batteries.59,60 The close packed layer structure of SnS2 enables its tolerance ability 

during Li-ion intercalation and extraction, which contributes to the excellent cycling 

stability. Furthermore, SnS2 also has large capacitance behavior and high faradic 

activity. Due to the similar structure and morphology to graphene, SnS2 was always 

prepared together with graphene as electrode materials for Li-ion batteries. For 

example, Lee’s group successfully synthesized few-layer SnS2/graphene compounds 

by solution phase method and achieved exceptional electrochemical performance as 

Li-ion batteries.61 Jiang’s group also57 using SnS2 and graphene as electrode materials 

by hydrothermal method for batteries to achieve high reversible capacities and 

excellent cycling stability.  
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SnS2 is not only a promising electrode materials for lithium ion batteries, or water 

splitting, but also a good candidate for electronics.  Actually, SnS2 has been studied as 

semiconductors since 1960s. However, there are only limited reports on monolayer 

SnS2 with electronics. Monolayer SnS2 has a large band gap around 2.6 eV, which is 

much higher than the other TMD materials.  It is known to all that a large band gap 

would has benefit in short channel FETs for suppressing source to drain tunneling. 

Recently, Tsukagoshi’s group46successfully fabricated a top gated FETs based on 

monolayer SnS2 with a high performance, which the carrier mobility of the device can 

reach to 50 cm2V-1s-1 and Ion/Ioff ratio can be 107. Moreover, the logic operations on 

the atomic layers NOT and NOR gates exhibit high voltage gain, small noise levels, and 

large output swings. Those studies demonstrate that SnS2 would be act as a strong 

candidate for future atomic electronic. 

SnS2 was first synthesized around 200 years ago, and has various poly-type 

structures. The different formations of SnS2 can be synthesized through different 

methods.62 For example, the bulk SnS2 has been fabricated via elements mixing and 

heating, or taking reaction with ammonia, or solid state method, etc.57,60,63,64 Single 

crystal of SnS2 can be obtained by chemical vapor transport method. Thin film of SnS2 

can be grown by electrodeless deposition, or spray pyrolysis.65 However, there is 

limited reports on the synthesis of monolayer SnS2. Similar to the other layered 

materials, atomic layer SnS2 can be synthesized through various ways, including 

mechanical exfoliation, chemical vapor deposition, et al. Some groups were using 

chemical vapor transport method to firstly obtain thick single crystal of SnS2 and then 
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through mechanical exfoliation to finally achieve monolayers or multilayers for 

future use. There were some reports on CVD grown SnS2, which could get few 

micrometers large domains of monolayer SnS2 with high quality.66 As shown in 

Figure1.1.1-3 . There will be a chapter on the study of CVD grown large monolayer 

SnS2 and its related applications. 

 

Figure 1.1-3. Method for synthesizing arrays of thin SnS2 crystals at predefined 

locations on substrates. (a) Schematic diagram of experimental procedures to 

pattern seed arrays and use these predefined sites to seed the growth of SnS2 

crystals by CVD. (b) Illustration of the CVD experimental setup with schematic 

sketch of synthesis mechanism involving three major steps: source material 

evaporation, reaction, andcondensation on substrate. (c,d) Optical microscope 

images of thin SnS2 crystal arrays with semihexagon shape produced by 

different CVD recipes. 66 

1.1.2. Electrochemical application of 2D materials 

As mentioned earlier, 2D materials are good candidates for next generation 

electronics, optoelectronics, and flexible devices. They have the potential to replace 
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current conventional electronics due to their atomic thickness, transparency, 

flexibility, and new physic properties. In addition to those charming performances, 

2D materials also attract much attentions in energy related areas, such as batteries, 

supercapacitors, or electrochemical catalysts. Because they have ultrathin thickness 

and high ratio of surface atoms. In this thesis, I am going to focus the application of 

atomic layer 2D materials for electrochemical energy conversion, such as water 

splitting and supercapacitors. So in this sub chapter, I will introduce some basics 

mechanism of electrochemical energy conversion. 

1.1.2.1. Hydrogen Evolution Reaction  

Recently, there is a huge demand of environmental friendly and renewable energy 

resources, mainly due to the development of society. Hydrogen(H2), which can be 

produced through water splitting, is considered to be a major clean and renewable 

energy resource for the future requirements.67 The water splitting can be classified 

into two types, one is water electrolysis, and the other is water photolysis. Water 

electrolysis need an external energy source to drive the reaction takes place. It 

contains polymer electrolyte membrane, solid oxide electrolyzer and alkaline.68 

Photoelectrochemical water splitting, which is different to electrochemical water 

splitting, it does not need external energy input. Indeed, it relies on the electrode 

materials to absorb sunlight, and then generates exited charge carriers, and finally 

splits water.69 Regardless of the device configuration, the water splitting reaction can 

be divided into two half-reactions, the oxygen evolution reaction (OER) takes place at 

the anode and the hydrogen evolution reaction (HER) takes place at the cathode. 
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Table1.1-1 shows two half reactions happen in acidic electrolyte. In order to reduce 

the overpotential and finally increase the efficiency of water splitting, catalysts are 

required for both of them. In this thesis, we are mainly focus on the HER, because OER 

catalysts have been studied elsewhere.9,23,48  

Table 1  

Oxygen evolution reaction H2O→ 1/2O2 + 2H+ + 2e- 

Hydrogen evolution reaction 2H+ + 2e- → H2 

 

Table 1.1-1. Two half reaction of water splitting 

The HER process is thought to include three possible reaction steps in acidic media, 

as shown in Table 1.1-2. The reaction mainly studied at acidic media because the 

acidic electrolyte is more favorable for units compact and runs in reverse mode to 

generate electricity in full cell devices.  

Table 2   

1 Volmer step H+ + e- → Had 

2 Heyrovsky step H+ + Had → H2 

3 Tafel step 2Had → H2 

 

Table 1.1-2. Three steps of hydrogen evolution reaction 

The first electrochemical hydrogen adsorption step is the Volmer step, the second 

step is followed by either Heyrovsky step or Tafel step. In both reaction mechanisms, 
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the first step is the same, which the reaction proceeds via hydrogen atoms adsorption 

at the surface of electrodes. During this step, the free energy of hydrogen adsorption, 

∆GH, will determine the overall reaction rate. If the surface bonding energy of 

hydrogen is too week, then the adsorption step will determine the overall reaction 

rate. On the contrary, if the surface bonding energy of hydrogen is too strong, then 

the reaction-desorption step will determine the final reaction rate. An optimal HER 

catalyst would have surface bonding energy of hydrogen neither too weakly nor too 

strongly, which exhibits a hydrogen adsorption energy close to ∆GH = 0.67 This 

principle of hydrogen production with various catalysts can be summarized as the 

“volcano relationship”. 70,71 As shown in Figure1.1.2-1, where the exchange current 

density of different catalysts in acids are summarized as a function of Gibbs free 

energy of absorbed atomic hydrogen on catalysts. From this “volcano plot”, Pt locates 

at the top of the cure with slightly negative hydrogen absorption energy, is considered 

to be the best-known catalyst for HER. Although Pt has best electro-activity and 

electrochemically stability, its scarcity and high cost largely limit the widespread 

applications. There are several classes of non-noble-metal alternatives that have been 

investigated as active HER catalysts, such as nickel alloys, metal sulfides, metal oxides, 

etc. More importantly, the exchange current densities of MoS2 just located below the 

precious metal group, indicating a potential of MoS2 based materials as non-noble 

alternative catalysts to Pt for HER.72 
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Figure 1.1-4. Volcano plot of the exchange current density as a function of the 

DFT-calculated Gibbs free energy of adsorbed atomic hydrogen for 

nanoparticulate MoS2 and the pure metals 

There are several parameters that can be used to evaluate an electrocatalyst for HER, 

such as its activity, stability, cost, etc.70,71,73,74 The reaction rate of the HER (the 

current density) depends on the overpotential, the relationship of which is known as 

the Butler-Volmer equation in electrochemical kinetics: j=j0[𝑒(1−𝛼)𝜂𝑓-𝑒−𝛼𝜂𝑓]. Where j 

is the current density (A/cm2), j0 is the exchange current density, ƞ is the 

overpotential(V), α is the transfer coefficient and f=F/RT (F is Faraday constant, R is 

the gas constant, T is the temperature in Kelvin). The Butler-Volmer equation can be 

simplified to the form known as Tafel equation ƞ = a + blogj when the overpotential 

is high. The constants a and b in the Tafel equation are useful values to evaluate the 

HER as catalytic materials. The constant b (Tafel slope) is related to the reaction 

mechanism of a catalyst and is determined by the rate-limiting step. The value logj 

represents the electrochemical reaction rate at equilibrium, which is also an 
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important kinetic parameter for evaluating the HER of catalysts. The material that has 

high exchange current density and low Tafel slope is considered to be a good 

catalyst.71,73,75,76  

Basically, there are mainly two important activity metrics to use. One is the total 

electrode activity measurement, which can generate the values of exchange current 

density and Tafel slope. It is a useful parameter for practical device performance 

comparison but without the information of physical or chemical origins of an 

electrode’s activity. The other one is the intrinsic activity measurement, which can 

provide the per-site basis of the catalyst activity. The intrinsic activity can be measure 

by the turnover frequency (TOF) for active sites.77–79 This measurement can 

determine both the chemical reaction rate and the number of active sites. Overall, the 

total electrode activity and the intrinsic activity are fundamentally related. Total 

electrode activity is determined by the number of activity sites and the intrinsic 

activity of each active sites.  

1.1.2.2. Oxygen Reduction Reaction  

Fuel cells, which are similar to batteries, are considered to be effective energy 

suppliers due to its high efficiency, environmental friendly, and unlimited reactants 

sources. Similar to batteries, they can convert chemical energy into electric energy.80 

However, compare to batteries, fuel cells do not need to be recharged since fuels and 

oxidants are continuously supplied. Thus, instead of battery powered electric 

vehicles, fuel cell vehicles (FCV) are considered as competitive for automobiles and 
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buses. Among various type of fuel cells, the proton exchange membrane fuel cell 

(PEMFC) is the most promising type for FCV to be realized due to its low operation 

temperature, around 60-80 0C.81,82 PEMFCs are consisting of two electrodes and one 

membrane, and there are mainly two types of electrochemical reactions take place at 

the surface of the electrodes, as shown in Figure1.1.2-2.83 At the anode of a PEMFC, 

hydrogen oxidation reaction (HOR) takes place. The electrons and protons that 

produced by the reaction are transferred to the cathode via an external circuit and 

the membrane of proto exchange. At the cathode of a PEMFC, oxygen reduction 

reaction (ORR) takes place.84 During this half reaction, protons and electrons are 

reacted to produce water. Among two half reactions, the ORR is the key step in 

PEMFCs because the HOR is considered extremely fast while the ORR is sluggish. ORR 

is six or more orders of magnitude slower than HOR. As a consequence, catalysts are 

required to promote the reaction rates. In aqueous solution, ORR occurs mainly by 

two pathways, as shown in Figure1.1.2-3. The direct 4-electron reduction pathway 

from O2 to H2O acidic medium and OH- in alkaline medium as the final products. The 

second pathway is the 2-electron reduction pathway from O2 to hydrogen peroxide 

(H2O2) in acidic medium and HO2- in alkaline medium as intermediate products. The 

intermediate will leads to lower energy conversion efficiency, and produces harmful 

free radical species. In non-aqueous aprotic solvents or in alkaline solutions, the 1-

eletron reduction pathway from O2 to superoxide (O2-) can also occur. Clearly, the 4-

electron pathway is higher selective than the 2-electron pathway and thus more 

desirable to obtain better ORR performance.84–86 Pt-based materials are the most 
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practical catalysts at current, but with high price and scarcity. In order for large-scale 

commercial applications, extensive researches over the past several decades have 

focused on developing alternative catalysts to reduce or substitute Pt-based catalysts, 

including non-noble metal catalysts or even metal-free catalysts, such as carbon 

based materials.  

 

Figure 1.1-5. Simplified PEM fuel cell reactions. 

 

Figure 1.1-6. The individual reactions of ORR process 



 41 
 

An effective way to characterize the performance of catalysts for ORR is through 

rotating disk electrode (RDE) technique in liquid electrolyte.75,87 During the ORR 

takes place, the reactant firstly be transported from the bulk of the solution to the 

surface of the electrode, which drives via diffusion. The second step is the electron 

transfer where all kinetic studies are focused on. The total current, which is a measure 

of the reaction rate, is determined by both the kinetic current and the diffusion rate, 

as shown in the equation: 
1

𝑖
=  

1

𝑖𝑘
 + 

1

𝑖𝑑
. However, it is difficult to measure those 

currents separately, and RDE can solve the problem. By using the RDE, the diffusion 

layer thickness is independent of time and it can be controlled by selecting the 

rotating speed of the electrode and considered as the intrinsic activity of the catalysts. 

For example, a higher rotating speed will lead to smaller thickness of diffusion layer. 

The diffusion current can be expressed by the Koutecky-Levich equation:  
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𝜔1/2 𝑣−1/6𝐶𝑂
∗

, where n is the electron transfer number, F is the 

Faraday constant, A is the electrode geometric area, CO* is the concentration of 

dissolved oxygen in solution, DO is the diffusion coefficient of oxygen, v is the kinetic 

viscosity of the solution, and ω is the rotation speed of the electrode. i, ik, id, are the 

measured current density, kinetic current density, diffusion-limited current density. 

In this equation, we can get jk by plot j-1 vs ω-1/2 at various ration speed. In practice, 

the quality of sample preparation would also influence the accuracy of the kinetic 

current that calculated from RDE measurements.85,86,88–90  
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1.1.2.3. Methanol Oxidation Reaction 

Fuel cells are including polymer electrolyte membrane fuel cells (PEMFCs), 

phosphoric acid fuel cells (PAFCs), solid oxide fuel cells (SOFCs), and molten 

carbonates fuel cells (MCFCs), etc. Among various types of fuel cells, direct methanol 

fuel cells (DMFCs) have attracted more attentions due to a liquid and renewable 

methanol fuel usage and feed strategies91,92. As a result, a lot of progress have been 

made in the development of DMFCs. However, it’s still a big challenge to improve its 

performance due to poor kinetics of the anode reaction. DMFCs is consisting of an 

anode half reaction: CH3OH + H2O → CO2 + 6H+ +6e- Ea = 0.046V and a cathode 

reaction: 3/2 O2 + 6H+ + 6e- → 3H2O Ec = 1.23 V. Methanol oxidation reaction at anode 

is a sluggish reaction because various reaction intermediates might be formed during 

the reaction. Furthermore, multiple sites need to be active for the methanol 

adsorption and the sites that can donate OH species for the desorption of adsorbed 

methanol residues93. Two main topics related to methanol oxidation have been 

largely studied since year 1970, one is the study of reaction intermediates, poisoning 

species and products, and the other is the modification of Pt surface to get better 

performance including higher activity at lower potentials and better poisoning 

resistance. During methanol oxidation reaction, the main final product is CO2, while 

there are significant amounts of by-products formed, such as formaldehyde, formic 

acid, or methyl formate. Many methanol oxidation reaction mechanisms have been 

proposed, the simplified reaction mechanism can be summarized as follows: the first 
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adsorption step: CH3OH → (CH3OH) ads, the second step: (CH3OH) ads → (CO) ads + 

4H+ + 4e-, and the last step: (CO) ads + H2O → CO2 + 4H+ + 4e-.83,84,94,95  

There are limited electrode materials that can be used as electrocatalysis for 

methanol oxidation. Platinum supported on carbon(Pt/C) is the mostly used 

commercial electrocatalyst for fuel cells due to the good activity of Pt and the large 

surface area of C. However, as in the methanol oxidation reaction, Pt will be poisoned 

by carbon monoxide at room or moderate temperatures as a by-product, resulting in 

slow reaction kinetics. The processes of methanol oxidation on the Pt surface have 

been extensively studied and can be summarized as follows: methanol adsorption, 

methanol dissociation (C-H bond activation), water adsorption, water action, and CO 

oxidation. During those processes, the formation of OH by water activation on the Pt 

surface is the most important step for CO oxidation and this step requires a high 

potential. Indeed, the high potential will limits the fuel cell application91. In order to 

solve this problem, binary or ternary electrocatalysts based on Pt have been applied, 

such as PtRu, PtSn, PtW, etc. The second metal in the system can act as active material 

for oxidative removal of adsorbed CO at lower potentials. Among different second 

metals, Ru is the most active catalysts to promote the oxidation of both methanol and 

CO. According to bi-functional mechanism96 and the ligand effect97, the steps can be 

summarized as follows96: firstly, Pt + CH3OH → PtCOads + 4H+ + 4e-, secondly, Ru + 

H2O → Ru (OH)ads + H+ + e-, and finally, PtCOads + Ru (OH)ads → CO2 + Pt + Ru + H+ 

+ e-.  The catalyst activity of the binary catalyst also relies on the structure, 

morphology, and particle size, and so on.  
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1.1.2.4. Supercapacitor  

Supercapacitor, or electrochemical capacitor, is one of the most practical and effective 

technologies in energy storage.20 It has attracted considerable attentions in recent 

years because of its high energy density, large power density, long cycle life, and 

excellent rate capability. By comparison with conventional capacitors, 

supercapacitors have advantages such as much higher energy density, about several 

orders of magnitude. Furthermore, compare to batteries, supercapacitors can storage 

large amount of charge in short time duration, which allow them to exhibit higher 

power density. With the benefits of supercapacitors, they have the potential 

applications in portable electronic devices, electric vehicles, and industrial power and 

energy management.  

The study of electrochemical supercapacitors can be back as early as 1957, and a 

capacitor with high surface area carbon was described. However, not much attentions 

have been paid to supercapacitors until 1990 due to their potential applications in 

the field of hybrid electric vehicles.98–100 Since then, supercapacitors were considered 

as important energy storage systems. Similar to batteries, supercapacitors are 

consisting of two electrodes, and a separator that isolates two electrodes electrically, 

as shown in Figure1.1.2-4. The charges can be stored and separated at the interface 

between electrodes and separators. The capacitance can be expressed as the 

equation: C= Aɛ/4πd, where A is the surface are of the electrode, ɛ is the dielectric 

constant of electrolyte, and d is the effective thickness of electrical double layer.101–

103 Depending on the electrode materials, there are mainly two type of 
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supercapacitors. The first type is the double layer capacitor, which the electrode 

materials are not electrochemically active, such as carbon particles. During the 

charge-discharge process of double layer capacitors, only physical adsorption and 

desorption occur at the electrode/electrolyte interface. The other type is the faradic 

supercapacitors, which the electrode materials are taking electrochemical reactions 

during charge/discharge. The electrode materials of faradic supercapacitors are 

usually metal oxides. 

 

Figure 1.1-7. Principles of a single-cell double-layer capacitor and illustration 

of the potential drop at the electrode/electrolyte interface 
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The mechanism of double layer capacitors is the surface dissociation and ion 

adsorption from the electrolyte and crystal lattice defects. During charging process, 

electrons move from the negative electrode to the positive one via an external load. 

At the same time, cations move to the negative electrode and anions move to the 

positive electrode via electrolyte. The reverse process takes place during discharge. 

In this type of supercapacitors, energy is stored in the double layer interface. This 

charge/discharge process can be expressed in the following equations. ES represent 

for the electrode surface, A- is the anion, C+ is the cation, // is the interface of 

electrode/electrolyte.104–108 

On positive electrode, ES1 + A- → ES1+// A- + e- (charging process), ES1+// A- + e-→ ES1 + 

A- (discharging process); On negative electrode, ES2 + C+ + e- → ES2-// C+ (charging 

process), ES2-// C+ → ES2 + C+ + e- (discharging process). And the overall 

charging/discharging process can be summarized as ES1 + ES2 + A-+ C+→ ES2-// C+ + 

ES1+// A- (charging process) and ES2-// C+ + ES1+// A-→ ES1 + ES2 + A-+ C+ (discharging 

process).100 

The mechanism of faradaic supercapacitor or pseudocapacitors is different from 

double layer capacitors. On the contrary, it is similar to batteries. When the potential 

is applied to the faradaic supercapacitor, the redox reaction takes place on the 

electrode materials as well as charge passages across the double layer, and results in 

faradaic current passing through the cell. There are mainly three types of faradaic 

processes take place at the electrodes, including reversible adsorption, redox 

reaction, and the reversible electrochemical doping/de-doping. Those faradaic 
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electrochemical processes have been demonstrated extend the working voltage and 

increase the specific capacitance. It has been demonstrated that faradaic capacitors 

have 10-100 times higher capacitance than double layer capacitors. However, they 

are lacking of stability as compared to double layer capacitors. 109 

In both mechanisms of supercapacitors, in order to achieve large capacitance, 

electrode materials require large surface area, appropriate pore-size distribution, 

and high conductivity.  

1.2. Experimental methods  

1.2.1. Synthesis of 2D materials 

The capability to synthesis 2D materials with high quality and large scale is essential 

for the future fundamental study and application. The synthesis of 2D materials can 

mainly summarized into two general types. The first approach is the top-down route, 

which using large initial structure and then externally controlled into nanostructure.1 

Typical examples are mechanical exfoliation,11,110 liquid phase exfoliation,32,111 

chemical vapor transportation.112 With the benefit of the weak Van der Walls 

interaction between different layers of 2D materials, individual 2D layers can be 

easily exfoliated from its bulk form. The second approach is the bottom-up method, 

which the materials components up to atomic level with further self-assemble 

process leading to the formation of nanostructure. This approach includes chemical 

vapor deposition,113 metalorganic chemical vapor deposition,1,114 and hydrothermal 
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method,6 which would allow to obtain wafer scale thin films of single layer 2D 

materials. In this chapter, the four major methods of synthesis different 2D materials 

with different number of layers will be summarized. 

1.2.1.1. Micro Mechanical Exfoliation using scotch tape 

High quality monolayer or multilayer 2D materials can be obtained by 

micromechanical exfoliation, or the “scotch tape” method.14 This method is one of the 

most straightforward way among various synthesis methods. Due to the weak Van 

der Walls interaction between different layers, micromechanical exfoliation can 

effectively separate bulk samples by applying a considerable force perpendicular to 

the top of the sample. Early reports on the mechanical exfoliation only succeeded in 

tens or hundreds of layers. Until the year 2004, the discovery of graphene by 

Novoselov’s group led the mechanical exfoliation method into a new era.4,111 They 

reported the first successful achievement of free-standing atomic crystals that are 

strictly 2D and these atomic layers are stable under ambient condition. This work 

opens up the exploration of the other 2D materials such as h-BN, TMDs, metal oxides, 

etc.115 The usage of this method enables the demonstration of various novel physical 

properties in 2D materials system, including quantum electrodynamics in graphene, 

spin-valley coupling in TMDs. The mechanical exfoliation method has many benefits. 

For example, this method is extremely simple, easy, versatile, and cost effective as 

well. More importantly, the structure of atomic layers obtained via this method is 

usually in high integrity and high crystallinity. Mainly because this process does not 

use any chemicals or liquid, instead, it only relies on the shear force that applied 
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during the peeling process. However, this method also suffers from major drawbacks. 

The first major issue is the limited domain size. The size of the 2D crystals that 

generates from mechanical exfoliation is usually limited to only few or tens of 

micrometers, this will be unable to meet the requirements for commercial usage. 

Furthermore, the monolayer yield of this method is relatively low and the flake 

location controlling is also very hard.6,37,38,48,54 Consequently, this method is only 

suitable for the laboratory experiments, fundamental theoretical study, and cannot 

be used for large scale production for commercialization.  

1.2.1.2. Liquid exfoliation 

As discussed in the previous section, mechanical exfoliation of 2D layered materials 

is a low yielding, limited size distribution method. It is necessary to find an alternative 

method for high quality and high yield of 2D materials. Among many different 

synthesis methods, liquid exfoliation offers an alternative route to produce single and 

multilayers of 2D sheets from bulk form.29,32,111,116,117 The general approach of liquid 

exfoliation relies on introducing the intercalation between different layers to weaken 

the Van der Waals interaction and finally to separate the individual layers. This 

method has been extensively used to obtain different 2D materials, including 

graphene, different kind of TMDs, and so on. The liquid exfoliation method contains 

four different methods. They are oxidation, intercalation, ion exchange, and 

ultrasonic cleavage, as shown in Figure1.2.1-1. 
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Figure 1.2-1. Schematic representation of variation in liquid exfoliation 

process26,32: (a) intercalation, (b) ion exchange and (c) ultrasonic exfoliation.  

The oxidative liquid oxidation method starts from the formation of graphene 

oxide(GO).26 Graphite flakes are immersed into sulfuric acid or nitric acid, and 

potassium permanganate, which the surface of each graphite layers are passivated 

with addition of hydroxyl and ether functional groups. Then the afterwards 

dispersion in polar solvent and the sonication result the formation of GO. Indeed, GO 

can be dispersed and deposited on substrates to form graphene sheets. By using this 

method, the selection of oxidize and solvent is important for the formation of different 

2D layered materials. Those 2D materials with low reduction potential are suitable 

for this method.  
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Intercalation and ion exchange are similar methods that can weaken the interlayer 

connection due to the increase of interlayer distance and energy barriers.32,48,52,111 

The weak Van der Walls between different layers and large surface area benefits for 

the molecules adsorption on the basal plane and form inclusion complex. This method 

has been widely applied for TMDs and oxides. More importantly, the exfoliation of 

perovskite type oxide is mostly applied by this method. Compare to the mechanical 

exfoliation, this method offers numerous advantages. Firstly, this method is low cost 

and have good scalability.  More importantly, this method has the capability in 

obtaining large quantity of monolayers, and can be applied to any type of substrates. 

However, it also has some limitations. The usage of chemicals during the intercalation 

process results the formation of defects. Those defects will degrade the electronic or 

optoelectronic properties of layered materials. While in other applications such as 

catalysts or sensors, those defects would benefit.  

Ultrasonic cleavage of layered materials is another exfoliation method to obtain 

monolayers.11,26,111 Suitable solvent is selected for the dispersion of bulk layered 

materials, and individual layers will be formed after several hour ultra-sonication. 

This is mainly due to the cavitation bubbles created during the high energy ultrasonic 

waves in the solvent, which will produce high energy via release of pressure and 

result the exfoliation of bulk materials. During this process, ultra-sonication time and 

centrifugation rate are the important parameters for high quality samples. Indeed, an 

appropriate solvent will finally determine the thickness of layers. Up to now, more 
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than 25 solvents have been detailed studied on the exfoliation of various 2D materials 

based on the crystallinity, thickness, size, and size as well.  

1.2.1.3. Chemical vapor deposition method(CVD) 

Chemical vapor deposition method is considered as the most flexible and versatile 

method for layered materials synthesis. It enables the scalable synthesis of 2D 

materials with atomic layer thickness and high quality, which will benefits for the 

high performance of electronic or optoelectronic devices.  Graphene grown by CVD 

was first reported in the year of 2009, using Ni as the substrate118. In Reina’s work, 

they were using an ambient pressure CVD on polycrystalline Ni films, to obtain single 

to few layer graphene with large area films. Basically, they firstly exposed a 

polycrystalline Ni film at high temperature around 900-1000 0C under Ar and H2 with 

flow rate of 600 sccm and 500 sccm, respectively, for around 10 to 20 minutes. This 

process is mainly via anneal the Ni substrate in order to get a flat surface. Then the 

CVD growth carried out with high temperature around 900-1000 0C under CH4 and 

H2 with flow rate 5-25 sccm and 1500 sccm, respectively, for 5-10 minutes. The 

thickness of films is ranging from 1 to 12 layers, and the single or bilayer regions can 

be up to 20 µm large. Finally, the large scale of graphene can be transferred by the 

wet-etching method via HCl aqueous and PMMA-assisted technique. Figure1.2.1-2 

shows the CVD deposition process and related transfer technique. This work reported 

the first time large-area time film could obtained at a low cost and can be transferred 

to any substrate. In this work, Ni placed an important role. Because under high 

temperature like 1000 0C, CH4 will be composed to C and H2, and the carbon content 
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dissolves in the Ni substrate. Upon cooling, carbon atoms precipitate as a graphene 

layer on the surface of Ni. Due to the discontinuity of Ni film surface after thermal 

annealing, the grain boundaries lead to multilayers graphene, and the formation of 

large scale of single layer graphene is challenging. Since then, a variety of transition 

metal substrates have been studied for CVD grown graphene. Cu is one of the major 

transition metal substrate for graphene growth. Li’s113 group reported the first time 

large-area single layer graphene films with centimeters large on copper substrate by 

CVD method. Instead of using Ni but Cu as the substrate, this is mainly because Cu has 

a low carbon solubility up to 1000 0C. In their growth process, Cu foil was firstly 

annealed under 1000 0C with H2, and then maintain a H2 pressure of 40 mTorr under 

a 2 sccm flow, CH4 pressure of 500 mTorr under 35 sccm for the growth and cool 

down under CH4 atmosphere. The obtained graphene film can be etched by iron 

nitrate solution and transferred by PMMA-assisted technique. They also concluded 

that graphene grown on Cu substrate is based on a surface-catalyzed process rather 

than a precipitation process. They finally studied the electrical quality of the 

synthesized graphene via dual-gated FETs with Al2O3 as the date dielectric. And the 

device showed high carrier mobility, as large as 4050 cm2V-1s-1, which suggested the 

high quality of CVD grown graphene. This low cost growth method is a remarkable 

discovery in graphene synthesis because large scale single crystal can be achieved on 

many substrates. The wafer scale growth of high quality graphene enables many 

potential applications in industrial level. For example, Samsung Electronics have been 
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demonstrated the transparent electrodes in flexible display devices based on 

graphene.  

On the other hand, there are remain many challenges in CVD grown graphene for 

practical applications. For example, the domain size of continuous film is still small 

due to the nucleation based growth mechanism. Furthermore, the contamination 

during transfer process will lower the device performance. Progress has been made 

recently, while attempts still need to be input to further improve the CVD grown 

graphene and graphene related 2D materials such as boron nitride. For example, our 

group has collaborated with Prof. James. Tour’s group at Rice University in growing 

bilayer graphene on insulating substrates. By using solid carbon source, such as films 

of poly methysiloxane, polystyrene, we can grow large areas of uniform bilayer 

graphene on substrates such as SiO2, h-BN, etc. Figure1.2.1-2 shows the growth 

procedure119. Firstly, a Si/SiO2 was used as insulating substrate, and PPMS was used 

as carbon source. The PPMS film was deposited on the SiO2 by spin-coating. Then the 

Ni film was deposited on the top of the PPMS film and used as the metal catalyst for 

graphene formation. The homogeneous bilayer of graphene was synthesized between 

insulating substrate and the Ni film under 1000 0C for 7 to 20 min with Ar/H2 flow.  

This method is a new controllable transfer-free route for scalable bilayer graphene 

growth.  

 



 55 
 

 

Figure 1.2-2. Synthetic protocol and spectroscopic analysis of bilayer 

graphene. (a) Bilayer graphene is derived from polymers or SAMs on SiO2/Si 

substrates by annealing the sample in an H2/Ar atmosphere at 1000 °C for 15 

min. 

Furthermore, our group reported the planar graphene/h-BN heterostructures 

formation by growing graphene in lithographically patterned h-BN atomic layers.120 

The h-BN layers were grown on metal substrates by CVD method, and ammonia 

borane was used as the precursor, Ar/H2 was used as the carrier gas. The growth 

temperature was at 1000 0C for 10-30 min. The CVD grown h-BN was then patterned 

by laser-cutter. Finally, the etched h-BN was transferred to another CVD furnace for 

the growth of graphene. Figure1.2.1-3 shows the creation of millimeter-sized 

graphene/h-BN in-plane heterostructures. 
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Figure 1.2-3. a, Illustration of the fabrication procedure for in-plane 

graphene/h-BN heterostructures. Steps: preparation of h-BN films using the 

CVD method; partial etching of h-BN by argon ions to give predesigned 

patterns; subsequent CVD growth of graphene on the etched regions. b, Optical 

image of the as-grown graphene/h-BN patterned layers (shaped as combs, 

bars and rings) on a copper foil. Light areas are h-BN and dark areas are 

graphene. c, Optical image of a graphene/h-BN film separated from copper, on 

water, after coating with PMMA and etching the copper foil. d, SEM image 

showing an h-BN ring surrounded by graphene. e,f, Graphene/h-BN owl 

patterns that have been transferred on silica and PDMS, respectively. Insets: 

optical images of individual owls. 

In addition to graphene growth, CVD has been largely applied in numerous 2D 

materials growth, including different TMDs, metal oxides, etc. For example, our group 
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collaborated with Prof. Jun Lou’s group at Rice University in using vapor phase 

growth method to grow MoS2 monolayers121. In vapor phase deposition process, 

SiO2/Si was used as substrate, MoO3 nanoribbons and sulfur were applied as 

precursor, and the reaction temperature was at 850 0C for 10-15 min. Figure1.2.1-4 

shows the morphology of MoS2 single crystals and thin films after growth.  

 
Figure 1.2-4. a–d, SEM images showing the growth process of MoS2 from small 

triangles to continuous films. e, Optical image of a large-area continuous film 

synthesized on substrates with rectangular shaped patterns. The patterns are 

distinguishable by their bright blue colour and the areas between them are 

completely covered by continuous MoS2 layers. f, The close-up optical image of 

the as-synthesized MoS2 film on the patterned substrate, demonstrating that 

the method described typically results in single- and bilayered films between 

the pillars and thicker samples on the pillars; these patterns act as nucleation 

promoters. g, Raman spectra acquired from different regions highlighted in f, 

where the numbers presented refers to the difference (Δ) between the out-of-

plane (A1g) and in-plane (E12g) Raman peaks appearing in the ~380–410 cm−1 

range, showing the thickness and its small variability in the sample. h, Large-

area, approximately 1 × 1 cm2 film transferred to a new substrate from a 

patterned substrate using conventional polymer-base transfer techniques. 



 58 
 

Afterwards, we use the same CVD method to grow other monolayer TMDs such as 

doped MoS2, MoSe2, as well as related heterostuctures. For example, the Se doped 

MoS2 was synthesized by CVD method122. The MoO3 powder was used as Mo source, 

and a mixture of Se and S powders were used as Se, and S source. After 20 min growth 

under 800 0C with Ar/H2, single crystals of Se doped MoS2 can be formed. The ratio 

between Se and S was determined by the weight of Se and S. Figure1.2.1-5 shows the 

CVD growth of Se doped MoS2 and its related structure characterizations.   

 

Figure 1.2-5. The CVD growth of Se doped MoS2 and its related structure 

characterizations. a, the schema shows the growth procedure. b, the optical 

image of MoSe2 after growth and image c is the high resolution STEM image, d 

is the related structre model. e, ) PL spectra of pristine MoS2 (blue), 

MoS1.4Se0.6(green), MoS1Se1(purple), MoS0.5Se1.5 (orange), and MoSe2 (red), 

respectively, measured with a 488 nm laser. 

Monolayer MoSe2 also can be successfully synthesized by CVD method in our group33. 

We were using selenium pellets and MoO3 powder as Se and Mo precursor, and the 
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growth temperature was at 750 0C for 20 min. The CVD grown MoSe2 was fabricated 

as FET device and showed high mobility, around 50 cm2/vs, as shown in Figure1.2.1-

6.  

 

Figure 1.2-6. Mophology and mobility of MoSe2. a,Optical image of monolayer 

MoSe2. b, typical plot of gating voltage vs sorce/drain current (the 

source/drain voltage is fixed at 0.5V). 

In addition to the single crystals growth of TMDs, our group also did some pioneer 

work on the heterostructures based on different TMDs. For example, we can grow 

vertical and in plane heterostructures from WS2/MoS2 monolayers with CVD 

method.123 By adding additional tellurium power into MoO3 and W powers, in plane 

heterosturcture can be formed under 650 0C. This is mainly due to the additional of 

tellurium can help accelerate the melting of tungsten powder during growth. The 

vertical heterostructure also can be grown by controlling the growth temperature. 

Figure1.2.1-7 shows the growth procedure and the morphology.  



 60 
 

 

Figure 1.2-7. a-d, Schematic, optical and SEM images of the vertically stacked 

WS2/MoS2 heterostructures synthesized at 850 0C, 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 0C. 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 are represent W, Mo and S atoms, respectively. i, Schematic of the 

synthesis process for both heterostructures. 

1.2.2. Three-dimensional (3D) aerogels synthesis 

1.2.2.1. hydrothermal synthesis of 3D aerogels 

Hydrothermal synthesis is a method of synthesis single crystals in hot water and high 

pressure by chemical reactions of substance.34 The mechanism of hydrothermal 

reactions is followed a liquid nucleation model, which involves mainly the atoms or 
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ions diffusion at the interface of reactants. A large number of different materials have 

been successfully prepared by hydrothermal method, including microporous crystals, 

complex oxide ceramics, as well as layered materials. Hydrothermal synthesis 

method has advantages such as high reactivity of reactants, easy control of reaction, 

low energy consumption, and limited air pollution. It has been found to be an effective 

method to prepare microporous crystals, low dimensional materials, inorganic-

organic hybrid materials, and to synthesis new compounds.  
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Chapter 2 

Synthesis of large-scale atomic layer 

SnS2 through chemical vapor 

deposition method 

2.1. Introduction  

Two-dimensional layered metal dichalcogenides (LMD), such as MoS21–5 and WS26, 

have attracted great attentions due to a range of potential applications in areas such 

as optics, electronics, and catalysis7–17. For example, thinning down some 2D LMD 

materials, such as MoS2 and MoSe218,19, from bulk to monolayer leads to new 

phenomena such as an indirect to a direct band gap transition and results in 

significant enhancement in photosensitivity20–24. MoS2 has already been extensively 

studied due to its appealing optical and electronic properties. However, the 

investigation of 2D LMD SnS2 has just started. A monolayer SnS2 has a space group 

P3̅m1, where the Sn ions are coordinated by six S ions with 1T polymorph structure25–
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28. Unlike MoS2, SnS2 has an indirect bandgap for both monolayer and bulk crystals. 

Its band gap ranges from 2.0 eV to 2.6 eV shown by both experimental and theoretical 

data, which is significantly larger than MoS2. However, the relationship between 

bandgap of SnS2 and number of layers is still unclear yet29–32,30. The benefit of larger 

band gap of SnS2 is that its field effect transistors (FETs) could have larger on/off 

current ratios and lower off-state leakage currents33,34. More importantly, its wide 

band gap, larger than any other reported LMD, permits devices to operate at much 

higher voltages, frequencies and temperature, which is cheaper and more 

energetically efficient. Most studies on SnS2 in literature are focused on energy 

storage and conversion usage such as lithium ion batteries and water splitting35–40. 

Until today, only few reports are on the study of growth and electrical and optical 

properties based on atomically thin SnS2 layers. Notably, recent studies have shown 

that monolayer SnS2 is competitive and promising for electrical and optical devices 

with a mobility of 50 cm2 V-1 s-1 as field-effect transistors41 and a fast photocurrent 

response4243–45. 

Synthesis of high quality and large scale atomic layer SnS2 still needs more 

efforts46,42,47. Similar to other 2D layered materials such as graphene, MoS2, WS2, and 

so on, exfoliation of bulk SnS2 is a simple and effective way to get its corresponding 

monolayers48. However, the exfoliated SnS2 has limited applications due to the poor 

control over thickness and size. Beyond exfoliation, chemical vapor deposition 

(CVD)41, hydrothermal method26 and spin coating technique49 have also been 

developed to produce atomic layer SnS2. Among them, CVD has been known as the 
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most successful method for the synthesis of various large-scale atomic layer 2D 

materials such as MoS2, MoSe2, and their heterostructures50,51. Though some success 

has been achieved using CVD to grow SnS2 atomic layers, there are challenges such as 

limitation in size and difficulty in controlling the number of layers down to 

monolayer46,42. Thus, further improvement is necessary to get large scale and high 

quality SnS2 with controlled layer numbers for its practical applications42,43. 

Here, we report a facile and scalable CVD method to synthesize large-size and high-

quality SnS2 atomic layers. The edge of the single-crystal domains can be as long as 

128 μm and the layer numbers can be controlled from monolayer to bulk. Raman peak 

position shift and intensity change are observed as a function of layer numbers. 

Atomic resolution scanning transmission electron microscopy (STEM) was further 

used to show the high quality lattice of SnS2 with 2H stacking between different layers 

(Sn aligned with Sn and S aligned with S). Finally, photodetectors based on the CVD 

grown SnS2 were fabricated with a high external quantum efficiency of 150% and an 

ON-OFF ratio as high as 102, suggesting potentials for photodetector and sensor 

applications. 

2.2. Experiments method 

Sulfur (S) (99.5%, Sigma Aldrich) powder and Tin oxalate (SnC2O4) powder were used 

as the S and Sn precursor, respectively. S was placed in an alumina boat at the 

upstream where the temperature was lower, which was around 200 0C during 

growth. Another boat with Sn precursor and a top face down Si/SiO2 substrate was 
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placed at the center of quartz tube (the hot zone). The temperature program was set 

as follows: Firstly, ramped up from room temperature to 600 ºC in 15 minutes, then 

kept at 600 ºC for 5-10 minutes, and finally cooled down to room temperature 

naturally. 100 sccm argon (Ar) was used during the whole process. The growth was 

happened under atmospheric pressure, as shown in Figure 2.2-1.  

 

Figure 2.2-1. Schematic of the synthesis of SnS2 by CVD method, where sulfur 

and tin oxalate are used as the precursors.  

2.3. Results and discussion 

Figure 2.3-1 A is a low magnification optical image of the as-grown SnS2. High 

coverage SnS2 triangles and hexagons with atomic thickness and uniform size were 

formed after growth. The general size of SnS2 crystals ranges from tens to more than 

a hundred micrometers (Figure 2.3-1), and the largest one is about 128 μm in edge. 

The resultant atomic layers of SnS2 were also characterized by a scanning electron 

microscope (SEM) (Figure2.3-2). The large size of the SnS2 single crystals can 

facilitate its device fabrication and corresponding characterizations. Notably, most of 
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the SnS2 single crystals do not exhibit sharp angels and straight edges, which are 

significantly different from the CVD grown MoS2. Similar to other 2D materials, the 

thickness and even the number of layers of the resultant SnS2 can be easily 

distinguished via optical image due to their optical contrast27. Clearly, the regions 

with yellow and bright color in Figure 2.3-1A are thick SnS2 crystals (bulk), while the 

atomic layers appear in blue. Figure 2.3-1E shows a 5-layer SnS2 single crystal, where 

the layer number is marked in the figure. In addition, we can roughly tune the sample 

thickness by adjusting the growth time. For example, 5 min growth will yield samples 

dominated by 1-5 layers in thickness as shown in Figure 2.3-1E, while bulk crystals 

become dominant with 10 min growth (Figure 2.3-1F).  

 

Figure 2.3-1. Morphology of atomic layer SnS2. (A) Large scale image to show 

the high yield of SnS2 atomic layers. (B-D) Typical optical images of SnS2 single 

crystals in shapes of round triangle, hexagon and sharp triangle, respectively.  

The edge of SnS2 single crystals can be as long as 128 µm. (E) Optical image 

showing a multilayer SnS2 single crystal, which consists of monolayer at the 

edge region and five layers region at the center (the layer numbers are 

marked out). (F) thick SnS2 crystals yielded from longer time growth. 
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Figure 2.3-2. SEM characterization showing the morphology of SnS2 atomic 

layers. (A) Low magnification SEM image of SnS2 atomic layers on a substrate 

with marker. (B) SEM image of a typical irregular SnS2 triangle. (C) SEM image 

of a regular SnS2 triangle with edge of 128 μm. (D) SEM image of a hexagonal 

SnS2.  

The thickness of as-grown SnS2 was measured by atomic force microscopy (AFM). As 

shown in Figure 2.3-3 A, the measured sample, which has uniform thickness and clean 

surface, shows a thickness of 1.5 nm, corresponding to a bilayer SnS2 crystal42,46. 

Monolayer SnS2 crystals with a thickness of 0.87 nm were also characterized by AFM 

(Figure 2.3-3B). 
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Figure 2.3-3. AFM image of a resultant SnS2 single crystal. (A) The height 

profile (inset) shows a thickness of 1.4 nm, illustrating the tested SnS2 single 

crystal is bilayer. (B)The inset figure is the corresponding line profile of SnS2 

showing an average thickness of 0.79nm, corresponding to monolayer of SnS2. 

Raman is an effective technique to identify the crystal quality and the layer numbers 

of 2D materials52. Figure 2.3-4A is an optical image of a multilayer SnS2 single crystal 

with an edge around 30 µm that was characterized by a 514.5 nm laser. From the edge 

to the center, the layer number changes from monolayer to few layers. Notably, there 

are clear steps among monolayer, bilayer, three layer and four layer regions, marked 

as 1, 2, 3, 4, respectively, which is chosen on purpose to study the layer number 

dependence of Raman spectra. Figure 2.3-4B is the Raman spectra of the chosen SnS2 

crystal collected at different layers. Two main peaks at wavelength of 317 cm-1 (A1g 

phonon mode) and 208 cm-1 (Eg phonon mode) are present as the characteristic peaks 

of SnS2. As the thickness increases from monolayer to bulk, the Eg peak appears from 

3rd layer but the intensity is much weaker than few layer region (Figure 2.3-4C). These 

phenomena match well with previously reported results, which can be attributed to 

the increase in the scattering centers for in-plane scattering46,53. Furthermore, Figure 
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2.3-4D shows the relationship between the A1g peak and the layer numbers, where 

significant increase of peak intensity and blue shift of the peak position are observed. 

Specifically, the peak shifts from 310.4 cm-1, 311.5 cm-1, 312.1 cm-1 to 312.8 cm-1 from 

monolayer to four-layer samples. These changes provide a feasible method to identify 

the thickness of SnS2 atomic layers. Figure 2.3-4F and 2.3-4H are an optical image of 

a triangular SnS2 single crystal and its corresponding Raman intensity map at 317 cm-

1. The uniform Raman intensity in the map shows highly homogeneous and uniform 

SnS2 atomic layers. Because of the indirect and wide band gap of SnS2, it is difficult to 

examine its band gap by photoluminescence. 

 

Figure 2.3-4. Raman characterization of the resultant SnS2. (A) Optical image 

of a multilayer SnS2. (B) Raman spectra of different layered SnS2 marked in 

(A). Two main characteristic peaks are located at wavelength of ~317 cm-1 and 

~208 cm-1. (C) Enlarged Raman spectra at its characteristic peak of ~208 cm-1. 

Eg peak appears from 3rd layer as the thickness increased from monolayer to 

few layers. (D) The change of peak position and intensity of A1g peak with 

layer number. Peak position blue shifts and intensity increases while the layer 

number increases. (E) Optical image of a triangle shaped SnS2 single crystal 

and its corresponding Raman mapping of the A1g mode (F).  
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Z contrast imaging (Z is the atomic number) from an aberration-corrected STEM was 

used to further demonstrate the high crystal quality of CVD grown SnS2 at the atomic 

level. Since the image intensity is directly related to the averaged atomic number and 

the thickness of the sample, Z contrast imaging can be used to quantify the layer 

numbers54. By using poly (methyl methacrylate) (PMMA) assisted transfer technique, 

the resultant SnS2 sample can be transferred onto a TEM grid. Figure 2.3-5A and 2.3-

5B are low magnification Z contrast images of the resultant SnS2. In Figure 6A, the 

dark area represents a bilayer region while the brighter part is a trilayer area54. 

Figure 2.3-5B shows the SnS2 with bi-, tri-, and four layers, with the corresponding 

thickness labeled in the image. The small particles and narrow cracks, observed in 

Figure 2.3-5A and 2.3-5B, were caused by the transfer process18. In atomic resolution 

high-angle annular dark field (HAADF) (Figure 2.3-5C) and bright field images (Figure 

2.3-6A) and deconvolved HAADF image (Figure 2.3-5D) of bilayer SnS2, the intensity 

ratio between the bright columns and the dark columns corresponds to the ratio 

between 2 overlapped Sn atoms (bright columns) and 2 S atoms at each less intense 

columns55. Considering the 1T phase of monolayer SnS2 (octahedral), this bilayer 

structure should be the 2H stacking polytype of the two monolayers27, where tin and 

sulfur in one layer aligned with tin and sulfur in the other layer, same as in bulk 

crystal. The electron energy loss spectroscopy (EELS) analysis of the crystal 

illustrates the presence of S and Sn (Figure 2.3-6B). The diffraction pattern 

constructed from fast Fourier transform (FFT) in inset Figure 2.3-5C shows the 

hexagonal structure. Furthermore, four-layer and seven-layer SnS2 samples are also 
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characterized by STEM. As shown in Figure 2.3-5E, the STEM image of a four-layer 

SnS2 shows similar hexagonal lattice. The patches with slightly different contrast here 

are caused by the sample damage under electron beam illumination. In comparison, 

seven-layer SnS2 sample is much more stable under electron beam. As shown in 

Figure 2.3-5F, the STEM image and together with its FFT pattern shows the hexagonal 

structure of SnS2 with a uniform contrast. The elemental composition of CVD grown 

SnS2 crystal was characterized by X-ray photoelectron spectroscopy (XPS) (Figure 

2.3-7). From high resolution XPS, the ratio of Sn/S is ~ 1:1.98, suggesting reasonably 

stoichiometric of the CVD grown SnS2.  

 

Figure 2.3-5. STEM characterization of SnS2 atomic layers. (A) and (B) SnS2 

samples with different layer numbers, where the thickness is quantified via 

averaged ADF imaging intensity. (C) STEM ADF image and (D) deconvolved 

ADF image of bilayer SnS2 shows its perfect hexagonal lattice, as confirmed by 

the corresponding FFT in the inset. (E, F) STEM ADF images of four-layer (E) 

and seven-layer samples of SnS2 (F). Inset in (F) is its corresponding FFT 

pattern, showing its hexagonal structure and high crystal quality. 
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Figure 2.3-6. TEM image and EELS of the resultant SnS2. (A) High resolution 

STEM bright field image of bilayer SnS2, thinned down from a 4-layer region.  

(B) EELS from a 32×32 nm bilayer region showing the presence of S and Sn. 

 

Figure 2.3-7. XPS characterization of SnS2 atomic layers. (A) Full XPS spectrum 

of SnS2 crystal. Peaks of Sn and S (from sample), Si, O and C (from substrate) 

are detected. (B, C) high resolution XPS of S 2p and Sn 3d signals, respectively. 

To further illustrate its application potential, a two-terminal device was fabricated on 

a single layered SnS2 with Au/Ti (Au 38 nm/Ti 2 nm) electrode by e-beam lithography 

process. The channel length is 2 µm and width is about 20 µm (Figure 2.3-8A). 
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Photoconductivity was performed on this device. Figure 2.3-8B shows the 

photoconductivity spectrum of single layered SnS2. From the photoconductivity 

spectrum, monolayer SnS2 showed the strongest photoconductivity with 390 nm light 

and the band gap of a single layered SnS2 was determined to be about 2.6 eV. It is 

obvious that there is a tail in the photoconductivity spectrum extending to about 650 

nm. There might be two aspects contributing to this tail. The first one is that the 

Schottky barrier between Au/Ti electrodes and SnS2 can lead to electron excitation 

from metal Fermi surface to the conduction band of SnS2. The other important aspect 

is the excitation from energy levels inside SnS2 bandgap. These energy levels always 

serve as charge carrier trap states which can lead to very high external quantum 

efficiency but slower response time, as discussed as follows56. Figure 2.3-8C shows 

the photoconductivity IV curve of the SnS2 device. It is obvious that the IV curve does 

not show linearity which indicates the existence of Schottky barrier between 

electrodes and SnS2. As the bias voltage increases, the photocurrent increases as well. 

With a 15 V bias, the external quantum efficiency can be as high as 150%, resulted 

from the existence of trap states. After the photoexcitation, electrons are injected into 

conduction band and holes are left in the valence band and both of them take part in 

the photoconductivity process. However, if one kind of charge carries gets trapped in 

the trapping center, for example holes get trapped near the valence band, electrons 

will stay in conduction band for longer time before combine with holes. This effect 

leads to an effective n-type doping and makes the SnS2 more conductive and yields an 

external quantum efficiency larger than 100%. The other evidence for this trap state 
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is the relatively slow response speed as demonstrated in Figure 2.3-8D. By fitting the 

falling edge of the modulated photocurrent, two time components can be found, a 

faster component of 8 ms and slower one of 150 ms. The slower response component 

is a strong evidence of existence of the trap states. The external quantum efficiency is 

higher than previous report42, at the same time the response time is longer. These 

two factors together indicate the existence of trap states, which may result from the 

interface condition between SnS2 and SiO2. It is noteworthy that here we are working 

on photoconductivity response from monolayer SnS2 rather than 10 nm ones from 

the references, which might result in very different performances. We also measured 

the field effect transistor performance of the resultant monolayer SnS2, as shown in 

Figure 2.3-9 and 2.3-10. 

 

Figure 2.3-8. Photodetection of a monolayer SnS2 device. (A) Optical image of 

the fabricated device. (B) Photoconductivity spectrum of monolayer SnS2 
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showing the strongest photoconductivity at about 390 nm with an estimated 

band gap of 2.6 eV. (C) IV curve of the SnS2 device with different illumination 

power. The non-linearity of the curve indicates the existence of Schottky 

barrier between electrodes and SnS2. (D) The response speed of the resultant 

SnS2. 

 

Figure 2.3-9. FET device. The device was with geometries of W=37 µm and L = 

2 µm. The electrode was made of Ti/Au (2 nm/38 nm). 
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 Figure 2.3-10. Isd–Vg curve at Vsd = 20 V. The electron carrier mobility was 

extracted to be around 10-6 cm2 V -1 s-1, and on/off ratio of this n-channel FET 

was extracted to be ~100 (ratio between Vg=±80V,Vsd=20V). The performance 

might be limited by the Schottky junction. (The measurement was carried on 

in a vacuum probe station connected with Keithley 2634B multi-source 

meter.) 

2.4. Conclusion 

In conclusion, we report a facile CVD method to synthesize 2D atomic layer SnS2. The 

size of the resultant SnS2 single crystal domains can be as large as 128 µm and thinned 

down to monolayer and bilayer.  An external quantum efficiency of 150% can be 

achieved as a photodetector, promising for electronic and optoelectronic 

applications. More importantly, its wide band gap opens up more opportunities and 

possibilities for the applications of 2D materials. 
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Chapter 3 

Synthesis of millimeter-scale 

transition metal dichalcogenides 

single crystals 

This chapter is mainly copied from reference: Yongji Gong, Gonglan Ye, et al. 

Advanced Functional Materials. 2016, 26, 2009-2015.    

3.1. Introduction 

Since the discovery of graphene at 2004,1,2 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 thickness,1 flexibility,5 

transparency6 as well as excellent physical properties.2 For example, when 
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monolayer graphene works as field effect transistors (FETs), its carrier mobilities can 

be up to 100,000 cm2V-1s-1,4,7 promising ultrafast electronics.8,9 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 materials.10-17 Other methods, 

such as mechanical exfoliation, suffers from the drawback of low yield, poor 

reproducibility and limited size.3 Previously, the CVD method was used to grow large 

scale graphene for large-scale integration of devices.10,12 Importantly, the crystal 

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

exfoliated sample as electronics.14,15,18-23 Transition metal dichalcogenides (TMDs), 

such as MoSe2,19 WSe220 and MoS2,3 are 2D semiconductors that complement 

graphene. Comparing to graphene, FETs made of these TMDs have much higher on-

off ratio but reasonable carrier mobilities because of the existence of gaps in their 

electronic band structures.21 The large scale growth of TMD atomic layers is still 

challenging, which is a major limitation for their applications. Although CVD method 

has been demonstrated to get various TMDs,24-28 including their alloys29 and 

heterostructures,30-32 the size of their single-crystal domains is limited to the micron 

scale. To our best knowledge, the largest TMDs single crystal ever reported is around 

100 μm.26,28 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).33 However, the 

grain sizes in all previous reported continuous films is still limited to several 

micrometers, which undermines their performance and applications in electronics 
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because of the scattering of carriers at grain boundaries.34-36 Beside this, the complex 

nature of techniques such as MOCVD limit 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 have proven to be 

difficult.  

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

single crystals as well as film with controlled dimension, number of layer and defects. 

We have mainly focused on MoSe2 to study growth principles that control the quality 

of resultant single crystal or film and demonstrated scalability 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 longest diagonal larger than 1.5 

mm are successfully grown. Furthermore, wafer-scale continuous MoSe2 film with 

domain size of several hundred microns or even close to one millimeter can be 

obtained. In addition to the growth technique also allows controllability in the 

engineering of the number of layers and the defects through temperature control and 

H2 content used in the growth environment. Raman, PL and atomic resolution STEM-

Z-contrast imaging are used to illustrate 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 single crystals, and 

millimeter-scale WSe2 single crystals are grown with similar procedures.  



 95 
 

3.2. Experiments method 

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, as shown in Figure 3.2-1.  

 

Figure 3.2-1. Schematic of the synthesis of MoSe2 by CVD method, where 

Selenium and molybdenum oxide are used as the precursors.  
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3.3. Results and discussion 

Large monolayer single crystal is essential to build scalable devices with optimized 

properties. We found that the main factor that influences the crystal size is the 

nucleation density. This is similar to the growth of graphene14,15 and h-BN16. 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 popular 

strategies to reduce the nucleation density for graphene growth14,15. 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 TMDs25,26,28,36. 

As a result, millimeter-scale MoSe2 single crystals that are visible by naked eyes can 

be obtained as shown in Figure 3.3-1A. No reaction will happen if the flow rate was 

further cut to 25 SCCM due to deficiency of selenium supply, as shown in Figure 3.3-

2A. 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 3.3-2E). Figure 3.3-2B is the enlarged image of the marked 

area in Figure 3.3-1A, where high-coverage 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 3.3-2B). Therefore, a 

reasonably low nucleation density, determined by gas flow rate, could optimizes the 

size of the MoSe2 single crystal domain. 
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Figure 3.3-1. Morphology of CVD grown MoSe2. (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 perfect MoSe2 

hexagons in millimeter scale. 

 

Figure 3.3-2. The influence of the flow rate to the growth. (A) Only some oxide 

can be deposited on the wafer with 25 SCCM carrier gas. (B-E) Higher flow rate 

results in smaller crystals of MoSe2. 

In addition to large single crystal domains, it is important to limit the density of grain 

boundaries in continuous films grown, since these defects are known to diminish the 

performance of the devices.15,28 The reported grain size of TMD films is in the range 

of several microns25,33 to even nanometers.34,35 In order to synthesize continuous 

films of MoSe2 with minimized grain boundaries, we control the flow rate and hence 

the nucleation density. Figure 3.3-3A shows a SiO2/Si wafer with continuous MoSe2 
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film in comparison with a bare wafer, where the wafer with 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. Separated single crystals from 300 μm to 700 μm in size are observed (Figure 

3.3-2), which further grows bigger to form the continuous film. The grain size 

observed for the grown continuous film is millimeter. Figure 3.3-3B and 3.3-3C are 

optical microscopy and SEM images, respectively, revealing the high uniformity and 

continuity of the MoSe2 film. The small cracks and second layers, marked in the 

images, are observed rarely. The small cracks are preferred to develop along the grain 

boundaries.25,26 It is worth noting that continuous film is very difficult to achieve at 

50 SCCM flow rate even with longer time growth.14,15 Thus, increasing the nucleation 

density a little bit (still much lower comparing to the reported results) while keeping 

the large domain size is critical to achieve continuous film. Higher flow rate (~100 

SCCM) could also yield continuous films but with much smaller domain size of tens of 

microns.  

 

Figure 3.3-3. Morphology of centimeter scale MoSe2 continuous film and 

multilayer single crystals. (A) Optical photo of as-grown MoSe2 film, showing 
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the centimeter scale continuous and uniform film of MoSe2. Bare SiO2/Si 

substrate is used as comparison. (B,C) Optical microscope and SEM images of 

the films in (A) further confirm the uniformity and continuity of the film. The 

small cracks and bilayer are marked by black and blue arrows, respectively. 

(D) Optical image of a four-layer sample yielded from higher-temperature 

growth. 

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 3.3-3F 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 height topography suggests a homogeneous and very clean surface. The 

height profiles confirm that the big bottom layer is monolayer with a small second 

layer on the top.  

The detailed crystal quality of the monolayer MoSe2 is further characterized by 

Raman, photoluminescence (PL), scanning transmission electron microscopy 

(STEM), and X-ray photoelectron spectroscopy (XPS). The same millimeter size 

domains of MoSe2 (Figure 3.3-4A inset) was used for Raman and PL spectra 

characterizations as shown in Figure 3.3-4A-D. The Raman spectrum shows two 

characteristic peaks of MoSe2, i.e., A1g at 241 cm-1 and E12g at 287 cm-1.28 The PL 

spectrum shows a strong peak at 822 nm, corresponding to the direct band gap of 
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1.51 eV of MoSe2.28 Also, both Raman and PL spectra show similar intensity at the 

center and the edge of the hexagon, which could be further confirmed by the Raman 

intensity map at 241 cm-1 (Figure 3.3-4C) and PL intensity map at 822 nm (Figure3.3-

4). All the data illustrate the uniformity of the CVD grown MoSe2 single crystals at 

millimeter scale. Similar Raman and PL characterizations have also been done to the 

continuous film shown in Figure 3.3-4E. The area with three small holes, highlighted 

by arrows, is chosen for purpose of comparison. The Raman intensity map (Figure 

3.3-4F) reveals the homogeneity of the whole film except the three small holes. 

However, the PL intensity (Figure 3.3-4G) from different areas in the film shows 

variations, which could be attributed to the inhomogeneity of the defects 

distribution28. XPS (Figure 3.3-5) is also carried out to show the successful synthesis 

of MoSe2 phase and to show its good stoichiometry (1:1.98 of Mo:Se ratio). Figure 5H 

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 real appearance from the top view showing the defect-

free lattice (Figure 3.3-4I). Its hexagonal lattice is composed of alternating brighter 

and darker sites, where the brighter sites belong to Se2 columns28.  
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Figure 3.3-4. 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 perfect crystal lattice, where the brighter columns belong to 

Se2. (J, K) Z-contrast images with different magnifications of a bilayer sample 

synthesized resulted from lower H2 percentage growth, indicating the defects 

can be engineered. The bilayer area and monolayer area are marked. The 

triangular holes are found to follow the Mo-terminated zigzag edges. 
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Figure 3.3-5. XPS characterization. (A) XPS spectrum showing the Mo and Se 

signals from the sample and Si and O signals from the substrate. (B, C) XPS 

spectrum of Mo 3d and Se 3d. 

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 defect-engineered 

bilayer MoSe2 sample is also characterized by STEM. As shown in Figure 3.3-4J, 

besides the micrometer-scale triangular holes observed by SEM, the bilayer MoSe2 

film (bright film) is also fully covered by nanometer-scale triangular defects (gray 

triangles suggest that one layer of MoSe2 in the bilayer film is missing). We could also 

find triangular shaped through holes (black triangles) on the film. Note that the holes 
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in the top and bottom MoSe2 layers are in opposite orientation, indicating that the 

two layers are in 2H stacking. The detailed structure of the edges of these triangular 

holes, is further checked by a closer-look STEM imaging, showing Mo-terminated 

zigzag edges (Figure 3.3-4K).  

Here 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 3.3-6A 

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 3.3-6B) and optical microscope image with 

7×3 device arrays (Figure 3.3-6C). Among all these devices, only one of them is broken 

during the lithography process, confirming the high-quality and high-continuity of the 

MoSe2 film. The insets in Figure 3.3-6B and 3.3-6C 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 3.3-6D. 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 3.3-6E. Clearly, the MoSe2 devices displayed n-type behavior, 
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consistent with the reported results19. 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 as-fabricated MoSe2 ribbons 

are about 40 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 3.3-6. 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 40 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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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 3.3-7 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 3.3-7A). Figure 3.3-

6B is the enlarged image of the marked area in Figure 3.3-7A, where both millimeter-

scale triangles and hexagons of WSe2 can be found. SEM image (Figure 3.3-7C) is 

further used to reveal the morphology and size of WSe2. Similar to the growth of 

MoSe2, it is possible to synthesize few layered WSe2 samples as well by changing 

growth temperature, as shown in Figure 3.3-7D. The triangle in the inset of Figure 

3.3-7E is used for Raman and PL characterizations. Raman spectrum shows two peaks 

at 251 cm-1 and 261 cm-1, corresponding to the E12g and A1g peaks of WSe237. Both 

Raman spectra and maps show the homogeneous distribution of WSe2 in the films. 

There is one strong PL peak at 775 nm (Figure 3.3-7F), which can be attributed to the 

direct band gap at 1.60 eV of monolayer WSe2. STEM-Z-contrast image is further used 

to illustrate its crystal quality at atomic scale. Figure 3.3-7H and 3.3-7I are two images 

at different magnification, which shows the defect-free lattice of WSe2. The hexagonal 

lattice similar to MoSe2 is also observed, but the brighter atom column here belongs 

to W. 
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Figure 3.3-7. Morphology, Raman, PL and STEM characterization of the as-

grown 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 

quality of WSe2 obtained by this CVD method. The brighter columns here 

belong to W atoms. 
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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 WSe2 suggests the principles we defined could be general rules of other 

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.  
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Chapter 4 

Defects engineered monolayer MoS2 

for improved hydrogen evolution 

reaction 

This chapter is mainly copied from reference: Gonglan Ye, et al. Nano Letters, 2016, 

16, 1097-1103. 

4.1. Introduction 

Clean, renewable and affordable energy is highly demanded nowadays because of the 

growing population.1–5 To replace fossil fuels, developing renewable energy 

technologies from renewable  resources is a major trend.6,7 Among the possible 

alternative energy resources, hydrogen (H2) has the advantages of highest mass 

energy density and renewability.8–10 Water splitting is the most convenient and 

promising method to produce H2. Platinum (Pt), which has a slightly negative 
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hydrogen absorption energy and minimum overpotential, is considered to be the 

best-known catalyst for hydrogen evolution reaction (HER).11,12 However, the 

scarcity and high cost of Pt largely limits its applications. Therefore, intensive efforts 

have been contributed to the investigation of non-noble-metal alternatives such as 

nickel alloys, metal sulfides, metal oxides, etc.  

Molybdenum Disulfide (MoS2), a hexagonally packed layered structure of transition 

metal dichalcogenide (TMD), has drawn significant attentions in recent years.13,14 The 

high activity and good stability of MoS2 for hydrogen production makes it a potential 

candidate to replace Pt. The study of MoS2 for electrochemical hydrogen evolution 

can be traced back to 1970s,15 but with slow progress due to the poor activity of bulk 

MoS2. However, interests were raised again due to the significant enhancement of 

HER activity in nanostructured MoS2.16–19 Both experimental and theoretical studies 

demonstrated that for 2H phase MoS2 layers only the edges  have high activities for 

HER, while the basal plane is catalytically inert.20–24 Since then, many efforts, 

including phase and structure engineering, have been made to improve the 

performance of MoS2 as HER catalysts.25 Compared to 2H phase, 1T phase MoS2 is 

catalytically active in both basal plane and edge. As a result, lithium insertion has been 

developed to initiate 2H to 1T phase transition in MoS2 which leads to an improved 

HER performance.16,22,26 However, the unstable nature of 1T phase MoS2 limits its 

applications. On the other hand, amorphous, mesoporous or nanosized 2H phase 

MoS2 structures with more active sites have shown great improvements in HER, i.e., 

higher turnover frequency, higher current density and lower 
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overpotential.27,8,28,29,25,30,31 However, all these structural engineering are performed 

during the synthesis of MoS2. Few methods have been explored to improve the HER 

in pristine MoS2. Furthermore, it’s difficult to correlate the structural modification 

with the improved HER performance in the MoS2 nanoclusters, due to the difficulty in 

identifying their detailed HER-active structures. 

Here, we demonstrate the correlation between the number of defects and HER 

performance in MoS2 after specific post-synthesis treatments. Pristine MoS2 

monolayers were synthesized by chemical vapor deposition (CVD) method. Two post-

synthesis strategies, oxygen plasma exposure and H2 treatment at high temperature, 

have been applied to create cracks and triangular holes in monolayer MoS2, 

respectively. Compared to the pristine MoS2, these defects lead to the significant 

improvements of the HER performances. MoS2 treated by H2 shows higher 

improvement than that treated by O2 plasma because of the higher density of the 

exposed edges. 

4.2. Experiments method 

Similar to our previous study, the MoS2 atomic layers are synthesized via CVD 

method.32 Sulfur (S) (99.5%, Sigma Aldrich) powder and molybdenum oxide (MoO3) 

(99%, Sigma Aldrich) powder were used as the S and Mo precursor, respectively. 50 

sccm argon (Ar) was used as the carrier gas during growth. The growth substrate was 

SiO2/Si wafer, which was placed face down to boat with MoO3 powder. The boat was 

located at the center of the fused quartz tube. The boat with S powder was put 
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upstream at the low temperature zone. The furnace temperature was raised up to 750 

ºC in 15 minutes and kept stable at 750 ºC for 20 minutes. After growth, the furnace 

was left to cool down naturally.  

The CVD grown MoS2 has a well-defined triangular shape with 10~100 µm in length, 

as shown in the SEM image and the optical microscopy image in Figures 4.2-1A and 

4.2-1B. The atomic force microscopy (AFM) image in Figure 4.2-1C shows the 

thickness of MoS2 is about 0.7 nm, illustrating the CVD grown MoS2 is dominantly 

monolayer. Aberration-corrected scanning transmission electron microscopy 

(STEM) imaging was used to study the crystal quality of the transferred MoS2 on a 

TEM grid. As shown in Figure 4.2-1D, the perfect hexagonal packing of single layer 

MoS2 is confirmed at the atomic scale by the high-angle annular dark field (HAADF) 

STEM image. Figure 4.2-1E shows a photo of the working electrode, where the glassy 

carbon electrode is removable, facilitating the transfer of monolayer MoS2. The 

electrochemical sample was prepared through a PMMA assisted transfer method. The 

MoS2/SiO2/Si substrate was firstly spin-coated by a PMMA thin film. Then, 2M KOH 

solution was used as the etchant to etch away the SiO2 layer. After that, the 

PMMA/MoS2 layer was lift off and then transferred onto a clean glassy carbon 

electrode. Finally, the sample was air-dried and the PMMA was washed off with 

acetone and 2-propanol. In our experiment, all the transfers were made after the 

oxygen treatment and hydrogen annealing. Thus there is no issue from the oxidation 

of reduction of the carbon electrode. 
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With the well-developed PMMA assisted transfer technique, we are able to obtain a 

high quality monolayer MoS2/glassy carbon electrode for HER test by using a three-

electrode cell setup in 0.5 M sulfuric acid electrolyte. The electrochemical testing was 

taken place at a three-electrode electrochemical cell. Platinum was used as a counter 

electrode, Ag/AgCl was used as a reference electrode, and a glassy carbon disk that 

covered by MoS2 film was used as a working electrode. All tests were carried out in 

100-150 mL of 0.5 M sulfuric acid (H2SO4) electrolyte. The potential applied was 0 to 

-0.6 V and the sweep rate was 5 mV/s.  As shown in Figure 4.2-1F, the SEM image 

shows a high coverage of MoS2 atomic layers with well-maintained triangular shape. 

Clearly, the MoS2 here is monolayer dominated with a little bit bilayer regions. Raman 

and PL techniques are effective for characterization of the crystal quality of 2D 

material. As shown in the inset of figure 4.2-1G, part of a MoS2 triangle was used for 

Raman and PL characterization. Raman intensity map (Figure 4.2-1G) showing a 

uniform color distribution at the intensity of 380 cm-1 together with the uniform PL 

intensity map at 680 nm suggests a high homogeneity of CVD grown MoS2 after 

transfer. The above results demonstrate the non-destructive nature of the transfer 

process of MoS2.  
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Figure 4.2-1. Morphology of monolayer MoS2 synthesized by CVD method on 

Si/SiO2 substrate and transferred onto glassy carbon electrode. (A) SEM image 

of CVD grown triangular MoS2 monolayers. (B) Optical microscopy image of 

monolayer triangles. Small bilayer domains with darker color can be 

observed.  (C) AFM image of CVD grown MoS2 with a thickness of ~0.7 nm 

(inset profile), as measured along the white line. (D) STEM-HAADF image of 

monolayer MoS2 shows its perfect hexagonal lattice with 2H structure. (E) 

Photograph of working electrode used for electrochemical test. MoS2 

monolayers were transferred to the removable glassy carbon electrode for 

further test. (F) SEM image of monolayer MoS2 on the glassy carbon electrode, 

showing the high coverage and well maintained morphology after transfer. (G) 

Raman intensity map at 380 cm-1 and (H) PL intensity map at 680 nm of the 

MoS2 triangle in inset of (G) show high quality of the MoS2 transferred onto 

glassy carbon electrode.  

4.3. Results and discussion 

Due to the existence of intrinsic structural defects in monolayer MoS2 synthesized 

through CVD method, there are opportunities to change the properties of MoS2 by 

further tailoring the defects.33 Since the active sites of MoS2 are located at the edges 
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while the basal plane is inert, introduction of defects to create active sites in basal 

plane is an effective way to improve the catalyst activity.  

 

Figure 4.3-1. Morphology and Structure characterization of CVD grown MoS2 

with oxygen plasma treatment. SEM images (A ~ D) show morphology of 

monolayer MoS2 with 0 s, 10 s, 20 s and 30 s oxygen plasma exposure, where 

the cracks appear in the basal plane. Both the density and width of the cracks 

increase with longer exposure time. STEM images (E) and (F) show the fresh 

edges inside the monolayer created by the oxygen plasma. Both Mo and S2 

terminated edges are found at these exposed edges in MoS2, with 120 degree 

angle. (G) Raman and (H) PL spectra show the decreased intensity and shifted 

peaks after oxygen plasma exposure.  

Oxygen plasma exposure has already been demonstrated as an effective technique to 

introduce defects to engineer the bandgap and PL intensity of monolayer MoS2.34–37 

We applied the same technique to introduce defects in MoS2 in order to study the 

change of the catalytic activity. CVD grown MoS2 monolayers with high crystal quality 

and continuous basal plane were selected to be treated with oxygen plasma exposure, 
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as shown in Figure 4.3-1A. The oxygen plasma treatment was carried out by using a 

Super Plasmod 300 system with a 300 W power supply. The samples were exposed 

at chamber pressure of 10Torr with oxygen gas. 

 Samples were exposed to oxygen plasma for 10 s, 20 s and 30 s, and the 

corresponding morphologies are shown in Figures 4.3-1B, 4.3-1C and 4.3-1D, 

respectively. After 10 s oxygen plasma exposure (Figure 4.3-1B), short and isolated 

cracks were observed on the continuous basal plane. Angles of those connected 

cracks are around 120 degree. After 20s oxygen plasma exposure (Figure 4.3-1C), 

cracks became longer and were connected to each other forming continuous network. 

Further extending the exposure time to 30 s, the MoS2 was decomposed into even 

smaller fragments with more exposed edges. The widths of cracks were further 

enlarged, and most of angles between the interconnected cracks were 120 degree, as 

shown in Figure 4.3-1D. Unfortunately, due to the numerous cracks after 30 s plasma 

exposure, transferring the sample for further morphology and electrochemical 

performance testing becomes extremely difficult. To identify the atomic scale 

structure at cracks, STEM-HAADF images of the sample with 20 s plasma exposure 

are shown in Figure 4.3-1E and 4.3-1F. Mo and S2 columns can be directly identified 

based on their image intensity, where the bright and dark columns correspond to Mo 

and S2, respectively. Both exposed Mo and S2 terminated edges are found at the edges 

of MoS2 (Figure 4.3-1F) and their angle is about 120 degree. 

Raman and PL spectra further illustrate the structure changes of CVD grown MoS2 

after plasma exposure. As shown in Figure 4.3-1G, the intensity of both A1g and E12g 
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modes in Raman spectra shows a significant decrease compared to the initial 

monolayer MoS2. Furthermore, from the fresh CVD grown monolayer MoS2 to MoS2 

with 10 s and 20 s plasma exposure, the peak position shifts from 383.57 cm-1 to 

381.62 cm-1 and 380.14 cm-1 for A1g mode (the out-of-plane optical vibration mode of 

S atoms), and from 405.85 cm-1 to 407.56 cm-1 and 409.26 cm-1 for E12g mode (the in-

plane optical vibration mode of Mo-S bond) (Figure 4.3-2A). Overall, the position of 

A1g mode blue shifts about 3.43 cm-1, while E12g mode red shifts about 3.41 cm-1.  

These Raman spectra confirm the lattice distortion caused by oxygen plasma.35 In 

addition, the appearance of a new peak at 285 cm-1 indicates the formation of Mo-O 

bonds after the oxygen bombardment.37 Furthermore, intensity of the PL peak (680 

nm) also decreases while increasing the plasma exposure time, as shown in Figure 

2H. Thus, the decrease of PL intensity further suggests that more defects and cracks 

were formed with the bombardment of oxygen.38,35,39 Overall, by increasing the 

exposure time, the changes of the Raman and PL spectra suggest that oxygen plasma 

can lower the MoS2 crystal symmetry and increase the lattice distortion, which can be 

attributed to the defects that may benefit MoS2 as electrochemical catalyst.36 XPS 

(Figure 4.3-2B) is further used to confirm the formation of Mo-O bonds in the MoS2 

sample after O2 plasma exposure. Although there is Mo-O bonding in the O2 plasma 

treated sample, the newly formed edges (Figure 4.3-1F) are either S or Mo terminated 

edges, the same as the one in the pristine layer. This suggests that the Mo-O bonding 

is from the by-product MoO3 rather than in the edge of MoS2. MoO3 is soluble in acid 

so that it will not play a role in HER. 
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Figure 4.3-2. Raman shift and XPS characterization. (A) Shift of Raman peaks 

of CVD grown MoS2 with oxygen plasma treatment. For A1g mode, the position 

shift was observed from 383.57 cm-1 to 381.62 cm-1 and 380.14 cm-1. For E12g 

mode, the position shift was observed from 405.85 cm-1 to 407.56 cm-1 and 

409.26 cm-1. These shifts confirmed the lattice distortion caused by oxygen 

plasma exposure. (B) High resolution XPS analysis of the Mo atoms of the 

pristine CVD MoS2, H2 treated MoS2 and O2 plasma treated MoS2, where Mo-O 

bonding only forms in the O2 plasma treated sample 

In order to understand the effects of defects on the properties of MoS2, 

electrochemical activity of MoS2 monolayer before and after plasma treatment was 

explored for HER. The HER results of the same MoS2 sample with oxygen plasma 

exposure time of 0 s, 10 s, and 20 s are shown in Figure 4.3-3A. The linear sweep 

voltammograms (LSV) were taken at 5 mV/s. The sample exposed for 20 s shows the 

smallest onset overpotential. This is expected due to the largest amount of 

electrochemically active sites for MoS2 with 20 s plasma exposure. Furthermore, after 

the correction of the j-V curve for iR losses through MoS2 itself, the enhancement of 

HER activity shows a strong dependency on the duration of plasma exposure. Here 
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we used the surface area of the carbon electrode to estimate the current density. 20 s 

plasma exposed MoS2 exhibits a significantly decreased Tafel slope of approximately 

171 mV/decade, which matches well with its structure (Figure 4.3-3B). As we 

mentioned earlier, although 30 s plasma exposed sample has wider and more cracks 

than 20 s and 10 s plasma exposed sample, its instability during the transfer prevents 

it from further electrochemical characterization. This study reveals that oxygen 

plasma exposure can effectively introduce defects in the basal plane of monolayer 

MoS2 that is beneficial for HER. We further correlated the edge length with the HER 

activity. As shown in Figure 4.3-4, the current density increases linearly with edge 

length, consistent with references.20 The relatively low HER activities of the defect 

engineered monolayer MoS2 are caused by its limited amount, which is about four 

orders of magnitude less than the amount used in literatures.24-26 

 

Figure 4.3-3. HER properties of MoS2 before and after oxygen plasma 

treatment. (A) LSV curves show the cathodic sweep of the first cycle. Enhanced 

activity is observed after oxygen plasma treatment. (B) Tafel plots show the 

improved electrochemical activity of the monolayer MoS2 catalyst with oxygen 

plasma treatment. 
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Figure 4.3-4. The relationship between edge length and current density in the 

O2 plasma treated samples, where shows current density increases linearly 

with edge length. The edge length is normalized by pristine MoS2 sample and 

the current density is at -0.65 v vs RHE. 

In addition to oxygen plasma exposure, hydrogen annealing is also an effective 

method for defect engineering of 2D materials. Previously, hydrogen annealing has 

been used to create simple hexagonal holes or complex fractal geometric patterns in 

graphene, which can even form graphene nanoribbons for electronic usage.40–42 Here, 

the similar strategy was used to etch MoS2 in order to expose more active sites in the 

basal plane of MoS2 and to improve its catalytic activity.43 In hydrogen annealing 

experiment, high quality MoS2 with similar size and coverage on the Si/SiO2 were 

selected to be etched by H2. The selected MoS2 was put in the center of the fused 

quartz tube, and a gas mixture of hydrogen (15%) and argon (85%) flowed at a 

constant rate of 50 sccm. For temperature-dependent hydrogen annealing, the 
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samples were treated at 500 ºC, 600 ºC, 700 ºC, respectively. The duration of each 

annealing was 30 minutes. 

A series of SEM images of H2 etched CVD grown MoS2 are shown in Figure 4.3-5A-D. 

When the annealing temperature was 400 °C, no significant changes were observed 

on the MoS2 triangles (Figure 4.3-5A). As the temperature increased to 500 °C, the 

triangles start to be etched and small triangular holes with size around 1~4 µm 

appear. These phenomena are analogous to the morphology change of graphene 

when graphene was treated by hydrogen annealing with different Ar/H2 flow rate 

ration. When temperature further increased to 600 °C, high density triangular-shaped 

holes became the prominent part in the original monolayer MoS2 film, while 700 °C 

led to more severe sample decomposition and mass loss (Figure 4.3-5D).40 This can 

be explained by the decomposition of MoS2 when the temperature is higher than 500 

°C at hydrogen atmosphere.43 Compared to defects induced by oxygen plasma, the 

triangular holes created by hydrogen anneal is not that uniform. Besides the micro-

scale images observed by SEM, STEM was further used to image the morphology 

change of MoS2 at atomic level. Figure 4.3-5E and 4.3-5F show STEM-HAADF images 

of the basal plane of MoS2 sample annealed at 500 °C. High-density holes with size 

around 10-20 nm are omnipresent in the basal plane. This indicates that hydrogen 

annealing is an effective way to form edge enriched MoS2 that would benefit its 

electrochemical performance. Similar to the oxygen plasma treatment, the decrease 

of the peak intensity in Raman and PL spectra is also observed here, which can further 
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support the conclusion that hydrogen annealing could increase the defects and edges 

in monolayer MoS2.  

 

Figure 4.3-5. Structure characterization of CVD grown MoS2 with hydrogen 

treatment at different temperatures. (A ~ D) SEM images of monolayer MoS2 

with 400 °C, 500 °C, 600 °C and 700 °C H2 annealing, respectively, showing the 

appearance of small triangle holes. STEM images (E) and (F) show high-

density nanometer-scale holes formed inside the MoS2 layers with abundant 

exposed edges and step-edges. (G) Raman and (H) PL spectra show the 

decreased intensity after hydrogen annealing caused by the defects as 

revealed by SEM and STEM. 

The corresponding HER performance of MoS2 samples with hydrogen annealing was 

also evaluated. The LSV measurements were taken for MoS2 with hydrogen annealing 

temperature of 400 °C, 500 °C and 600 °C, respectively. By comparison with the fresh 

MoS2 without hydrogen annealing, samples under hydrogen treatment has an 

obviously decreased onset overpotential and increased current density, which is 

shown in Figure 4.3-6A. It is noteworthy that MoS2 annealed under 500 °C has the 

lowest onset overpotential (~300 mV) and largest current density comparing to the 
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400 °C (~470 mV) and 600 °C (~450 mV). All the H2 annealed MoS2 samples exhibit 

similar Tafel slopes, which are much lower than the pristine one (Figure 4.3-6B). 

These results match well with structure and morphology revealed in Figure 7 that 

HER performance increases with more defects. Due to the formation of large amount 

of macro and micro size triangle holes at the basal plane of MoS2 annealed at 500 °C, 

numerous active sites that benefit HER have been created. On the other hand, 400 °C 

may not be high enough to etch enough MoS2 to expose as many active sites as 500 °C 

(Figure 4.3-6A). Meanwhile, a temperature of 600 °C is so high that most of the MoS2 

monolayer is decomposed (Figure 4.3-6B), and also the left MoS2 is not stable because 

of too many defects. These results indicate that 500 °C is an optimal hydrogen 

annealing temperature to balance the number of active sites and the amount of MoS2 

left, thus showing the best HER activity. 

 

Figure 4.3-6. HER property characterization of CVD grown MoS2 with 

hydrogen annealing at different temperatures.  (A) LSV figure shows that MoS2 

under 500 °C hydrogen annealing has better catalytic activity than 400 °C and 

600 °C. (B) Tafel plots show hydrogen annealed MoS2 has lower Tafel slope 

than MoS2 without any treatment, revealing improved electrochemical activity 

of MoS2 as a HER catalyst after hydrogen annealing. 
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Both oxygen plasma exposure and hydrogen annealing methods have been shown as 

effective strategies to expose more active site and thus improve the catalytic property 

of MoS2. Large number of cracks with certain angels was created in MoS2 monolayer 

by oxygen plasma treatment, while numerous micrometer and nanometer-scale 

triangular holes were formed by hydrogen annealing. For both of them, we found the 

formation of exposed edges is dominated. SEM images (Figure 4.3-1B, 4.3-5B) show 

cracks with irregular shapes are predominately formed by oxygen plasma while 

triangular holes are created in hydrogen annealing, respectively. High-resolution 

STEM images further reveal that there are small irregular holes along with the large 

triangular holes in the hydrogen annealed samples. The irregular shape of the cracks 

and holes indicates both Mo-terminated and S-terminated open edges substantially 

increase. Figure 4.3-7 are high resolution STEM images showing the comparison of 

the edge structures in the samples formed from the two different treatments. The 

reason why exposed edges are dominated is that since the ideal basal plane of pristine 

MoS2 is chemically inert, most defects are evolved from the intrinsic sulfur vacancies. 

The oxygen plasma and hydrogen annealing are easier to form large cracks and holes 

from these reactive intrinsic vacancies, rather than react with the basal plane to 

create new sulfur vacancies. It has been shown that the open edges in MoS2 are very 

reactive in HER reactions. Thus, we believed the enhanced HER activity are mainly 

attributed to the increase of the exposed edges. The defects density can be easily 

controlled by either the exposure time or anneal temperature. Because the HER 

activity of 2H MoS2 is mainly contributed by exposed edges, hydrogen annealing, 
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which can create more edges, is more effective for improving the catalytic 

performance of MoS2 than oxygen plasma exposure. Furthermore, we tested the 

stability of the resultant defective samples, which is stable after 30 days in air (Figure 

4.3-8) or after 10000 cycles in HER test (Figure 4.3-9).  

 

Figure 4.3-7. Comparison of the edge structure in the samples treated with 

oxygen plasma and hydrogen annealing. (a-d) High resolution Z-contrast 

images shows the atomic structure of the open edges found in MoS2 treated by 

oxygen plasma (a, b) and hydrogen annealing (c, d). The edge structures are 

similar in the two samples, as indicated in the atomic structural model (e). 
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Figure 4.3-8. Stability of the resultant defective MoS2. MoS2 treated by both 

oxygen plasma (A-B) and hydrogen anneal (C-D) shows good stability in air 

even after 30 days. 

 

Figure 4.3-9. HER cycle performance to show the stability of the resultant 

defective MoS2. (A) MoS2 with 10 s plasma treatment (B) MoS2 annealed in 

hydrogen at 500 ˚C. 
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4.4. Conclusion 

In conclusion, by engineering the defects in the large-scale monolayer MoS2 through 

oxygen plasma exposure and hydrogen annealing, the HER catalytic activities 

including the onset potential, current density and Tafel slope can be improved 

effectively. More importantly, the correlation between the microscale structure 

changes of MoS2 monolayer and its macroscopic properties of HER was built for the 

first time utilizing an ideal observation system, MoS2 monolayer. Our work provides 

new insight of fundamental catalyst mechanism of MoS2. The methods developed 

here to introduce defects in monolayer MoS2 could be further applied to other forms 

of MoS2 to further improve their catalytic activities. Also, the defects created by 

oxygen plasma and hydrogen annealing may introduce more interesting properties, 

including electronics, optics and magnetics, in monolayer MoS2. 
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Chapter 5 

Boron and nitrogen co-doped 

graphene quantum dots/graphene 

hybrid nanoplatelets as efficient 

metal-free electrocatalysts for oxygen 

reduction reaction 

This chapter is mainly copied from reference: Huajie Hua, Gonglan Ye, et al. 

Journal of Materials Chemistry A, 2015, 3, 19696-19701. 

5.1. Introduction 

The electrochemical performance of fuel cells is greatly affected by the oxygen 

reduction reaction (ORR) at the cathode because of its sluggish reaction kinetics.1 To 

efficiently catalyze the ORR, platinum-loaded carbon is the most commonly used 

electrocatalyst. However, its large-scale production for commercial applications has 
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been hindered by the high cost of Pt as well as by the time-dependent drift and CO 

deactivation problems of Pt-based electrodes.2,3 Consequently, intensive research is 

underway to develop new ORR electrocatalyst alternatives to reduce or replace Pt; 

examples include Pt-based alloys,4,5 inorganic/nanocarbon hybrid materials,6 

heterocyclic polymers.7 In particular, heteroatom (N, B, S and P) doped nano-carbon 

materials (carbon nanotubes, graphene, ordered mesoporous graphitic arrays and 

carbon nanofibers) have attracted great interest due to their low-cost, high 

electrocatalytic activities, selectivity and stability.1,8-13 Further, it was found that co-

doping carbon with two heteroatoms (B and N) can effectively create more 

catalytically active sites than singularly doped counterparts, resulting from 

synergistic coupling effects between heteroatoms.14-16 

Recently, significant developments have been made on zero-dimensional graphene 

quantum dots (GQD) associated with quantum-confinement and edge effects, leading 

to applications in photovoltaics, supercapacitors, bio-imaging and sensors.17,18 The 

edge-abundant features of GQD are particularly advantageous for electrocatalysts as 

reactions are more readily electrochemically catalyzed at the edge planes than the 

basal plane.19,20 Though nitrogen-doped GQD have been demonstrated to be 

electrochemically active towards ORR,21,22 the enhanced electrocatalytic activity is 

limited; this may be due to the low electrical conductivity of GQD and doping contents, 

which are both important factors in determining the ORR electrocatalytic 

performance.  
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In spite of tremendous efforts in developing precious metal-free and metal-free ORR 

electrocatalysts, it still remains a challenge to develop efficient catalysts that are 

comparable or even superior to commercial Pt/C. Here, we first synthesized graphene 

quantum dots/graphene (GQD/G) hybrid nanoplatelets by hydrothermal self-

assembly and then co-doped the GQD/G with boron and nitrogen to obtain BN-doped 

GQD/G (BN-GQD/G) hybrid nanoplatelets by annealing at high temperature for 

different time periods. The optimized sample shows excellent ORR electrocatalytic 

activity with more positive onset potential than commercial Pt/C and it also have 

large current densities.  

5.2. Results and discussion 

The preparation of BN-GQD/G is illustrated in Figure 5.2-1. The GQD were 

synthesized through a facile and inexpensive method,23 recently developed in our 

group, by oxidizing anthracite coal in H2SO4/HNO3 acid (see Experimental Section for 

details). The GQD were readily dispersible in water. A typical transmission electron 

microscopy (TEM) image of GQD with a size ~ 20 to 30 nm. The GQD were mixed with 

an aqueous suspension of graphene oxide (GO) at a mass ratio of 2:1 and 

hydrothermally treated for 14 h. During the hydrothermal self-assembly process, GO 

with high surface area acted as a two-dimensional template to direct the assembly of 

GQD; the strong interactions between the hydroxyl and carbonyl functional groups of 

GO and GQD ensured the compact packing between them, leading to the formation of 

GQD/G hybrid nanoplatelets. After this self-assembly process, the mixture 
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precipitated, indicating that the hydrothermal process reduced GQD and GO, 

rendering them insoluble and allowing efficient assembly between GQD and GO. The 

morphology of the resulting GQD/G hybrid nanoplatelets was examined by scanning 

electron microscopy (SEM) and TEM. SEM images clearly show the uniform flake-like 

structure with dimensions similar to GO, but the surface observed from the higher 

magnification SEM image is rather rough probably due to the decoration of particle-

like GQD on the reduced GO sheets. The formation of the flake-like structure was 

further confirmed by TEM. The mass ratio of GQD to GO was found to be critical in the 

formation of flake-like structures. For example, when the GQD: GO ratio was 

increased to 3:1, severe aggregation took place and no flake-like structures were 

observed. The GQD/G hybrid nanoplatelets were converted to BN-GQD/G by 

annealing at 1000 °C for different time periods using ammonia and boric acid as 

nitrogen and boron sources. The sample annealed for 10 min, 30 min and 60 min are 

denoted as BN-GQD/G-10, BN-GQD/G-30 and BN-GQD/G-60, respectively. Nitrogen-

doped GQD/G (N-GQD/G) and dopant-free (yet annealed) GQD/G (DF-GQD/G) were 

also prepared as control samples. Figure 5.2-2a and 5.2-2b show the SEM and low 

magnification TEM images of BN-GQD/G-30; it can be seen that the flake-like 

structures were retained with no obvious aggregation after high temperature 

treatment at 1000 °C. From high magnification TEM (Figure 5.2-2c), small domains of 

defective graphitic structures were observed. The 2D features and thicknesses of the 

hybrid nanoplatelets were further characterized by AFM (Figure 5.2-2d), which 

revealed that the average thickness of the flake was ~ 7 nm.   
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Figure 5.2-1. Illustration of the preparation procedure for BN-GQD/G 

nanocomposite. 

 

Figure 5.2-2. a) SEM image of flake-like BN-GQD/G-30 nanoplatelets. b) TEM 

image of a typical individual BN-GQD/G-30 nanoplatelet. c) Higher 

magnification TEM image of BN-GQD/G-30. d) AFM image of partially stacked 

BN-GQD/G-30 nanoplatelet.  
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In the as-described architecture, graphene sheets not only behave as two dimensional 

platforms to allow the uniform distribution of GQDs, but also because of their high 

electrical conductivity, they act as conductive substrates for efficient electron transfer 

to interconnect the GQD.The GQDs are too small to provide a sufficient percolative 

network for good conductivity. In addition, the porous scaffold formed by the flake-

like BN-GQD/G hybrid nanoplatelets allows facile transport of electrolyte and electro-

reactants/products. More importantly, GQDs with their abundant exposed edges and 

oxygen-containing functional groups allow the easy incorporation of dopants, which 

are potential active sites for electrocatalytic reactions. These factors together 

promise BN-GQD/G with good ORR performances as will be discussed later.    

XPS was used to determine the doping content and chemical state of nitrogen and 

boron in BN-GQD/G samples. Figure S6 shows the survey spectra of three BN-GQD/G 

samples with different doping times, along with N-GQD/G and dopant-free DF-

GQD/G. In all of the BN-GQD/G samples, peaks characteristic of carbon, oxygen, boron 

and nitrogen are present, and the peaks for boron and nitrogen become more 

pronounced as the doping time increased. This indicated that the BN doping process 

using boric acid and ammonia was effective and the doping contents can be tuned by 

varying the doping time. For example, 30 min doping gave ~ 18.3 at% nitrogen and ~ 

13.6 at% boron. In comparison, there was no boron in the N-GQD/G sample, and both 

boron and nitrogen were absent in the DF-GQD/G. The chemical composition of these 

samples is summarized in Table 5.2-1. Figure 5.2-3 shows the high resolution spectra 

of N 1s and B 1s for the BN-GQD/G samples. The N 1s spectra was deconvoluted into 
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three peaks assignable to N-B bonding (398.3 eV), pyrrolic nitrogen (399.8 eV), and 

quaternary nitrogen (401.1 eV).16,24,25 The B 1s spectra was deconvoluted into two 

peaks with one peak at 191.0 eV for N-B-C moieties and another at 192.3 eV for BCO2 

species.16 Careful analysis of the XPS data revealed that the N 1s and B 1s peaks are 

both dominated by N-B bonding species at 398.3 eV and 191.0 eV, respectively, and 

this dominance became more significant with the increase in doping time. This 

indicated that N and B tend to exist as pairs when the doping content was increased. 

The co-doping of N and B and their concentration will be shown to have important 

roles in affecting the ORR electrocatalytic activities.    

 

Sample 
Atomic composition (at %) 

C  O  N  B 

BN-GQD/G-60 51.8 9.2 20.8 18.2 

BN-GQD/G-30 54.6 13.5 18.3 13.6 

BN-GQD/G-10 78.6 7.5 8.2 5.7 

N-GQD/G 85.7 9.9 4.3  – 

DF-GQD/G 94.2 5.8  –  – 

Table 5.2-1. Atomic compositions of all studied samples determined by XPS 

analysis. 
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Figure 5.2-3. High resolution a) XPS N 1s, b) XPS B 1s of BN-GQD/G-10, BN-

GQD/G-30 and BN-GQD/G-60. All the binding energies are referenced to C 1s 

at 284.5 eV.  

The ORR electrocatalytic properties were first examined by cyclic voltammetry (CV) 

in 0.1 M KOH solution saturated with Ar or O2 within the potential range from 0.2 V 

to – 1 V vs. Ag/AgCl at scan rate of 100 mV s-1. Figure 5.2-4a shows the cyclic 

voltammograms for BN-GQD/G-30 and it can be seen that a featureless current 

response was observed in Ar-saturated solution with large double-layer charge 

capacitance due to its high surface area. In strong contrast, a distinct cathodic peak 

appeared with substantial increase in current density when the solution was 

saturated with O2, indicating pronounced catalytic activity toward ORR. In addition, 

the onset potential of BN-GQD/G-30 determined from CV was comparable to Pt/C. 
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Figure 5.2-4. a) Cyclic voltammograms of ORR on BN-GQD/G-30 in Ar- and O2-

saturated 0.1 M KOH solution at a scan rate of 100 mV s-1. b) RDE linear sweep 

voltammograms of ORR on a BN-GQD/G-30 electrode at different rotating 

speeds in O2-saturated 0.1 M KOH solution with scan rate of 5 mV s-1. c) 

Koutecky-Levich plots of BN-GQD/G-30 derived from RDE voltammograms in 

(b) at different potentials. d) RRDE voltammograms of ORR on a BN-GQD/G-30 

electrode with a scan rate of 5 mV s-1.  

To gain further insight into the ORR, rotating disk electrode (RDE) voltammetry was 

performed in O2-saturated 0.1 M KOH aqueous solution with a scan rate of 5 mV s-1. 

Figure 5.2-4b shows the RDE voltammograms for ORR of the BN-GQD/G-30 electrode 

at different rotating speeds. This data show typical increasing current densities with 

larger rotating speeds due to the shortened diffusion length at higher speeds.26 The 

kinetic parameters, including electron transfer numbers (n) and kinetic current 

density, were analyzed using the Koutecky-Levich (K-L) equations.27 The linearity of 
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the K-L plots (j-1 vs. ω-1/2, Figure 5.2-4c) and near parallelism of the fitting lines 

indicated first-order kinetics toward the concentration of dissolved O2 and similar 

transfer values (n) at different potentials.28 Remarkably, the average n for BN-GQD/G-

30 hybrid nanoplatelets calculated from the slope of the K-L plots = 3.93 in a potential 

range of – 0.3 V to – 0.5 V (Figure 5.2-4c). This was further confirmed by a rotating 

ring disk electrode (RRDE) measurement that monitors the peroxide species (HO2-) 

produced during the ORR process.29 The result (Figure 5.2-4d) shows that the ring 

current (Ir) was negligible compared to the disk current (Id); the HO2- yield was below 

~ 4% over the potential range from – 0.2 V to – 0.12 V and gave an n of ~ 3.95, 

suggesting a one step, four-electron oxygen reduction pathway. Cyclic and RDE 

voltammograms at different rotating speeds for the other samples (BN-GQD/G-10, 

BN-GQD/G-60, N-GQD/G, DF-GQD/G and commercial platinum on carbon black Pt/C) 

are in Figure 5.2-5.  
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Figure 5.2-5. RDE linear sweep voltammograms of ORR on a) DF-GQD/G, b) N-

GQD/G, c) GQD/G-10, d) DF-GQD/G-60 and e) Pt/C at different rotating speeds 

in O2-saturated 0.1 M KOH solution with scan rate of 5 mV s-1. 

The kinetic parameters (n and JK) were analyzed by Koutecky-Levich equations as 

follows:  
1

𝑗
=  

1

𝑗𝐾
+  

1

𝐵 𝜔1/2
, 𝐵 = 0.2𝑛𝐹(𝐷𝑜)2/3𝑣−1/6𝐶𝑜 , where j and jK represents the 

measured and kinetic current density, respectively, ω is the electrode rotating rate, n 

is the electron transfer number, F is the Faraday constant (F = 96485 C mol-1), DO is 

the diffusion coefficient of O2, v is the kinetic viscosity, and CO is the bulk 
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concentration of O2. The constant 0.2 is adopted when the rotating speed is expressed 

in rpm.  

For the RRDE measurements, catalyst inks and electrodes were prepared by the same 

method as those of RDE. The disk electrode was scanned at a rate of 5 mV s-1 and the 

ring potential was kept constant at 0.5 V vs. Ag/AgCl. The HO2- and electron transfer 

number (n) were calculated by equations: HO2
−% = 200 × 

Ir/N

Id+Ir/N
, 𝑛 = 4 × 

Id

Id+ Ir/N
. 

where Id is disk current, Ir is ring current and N = 0.36 is collection efficiency (N). 

Figure 5.2-6a shows the RDE voltammograms at 900 rpm for all samples. Except for 

the DF-GQD/G, which had a two-stage characterized ORR process, all other samples 

showed the typical one-stage process, indicating the efficiency of incorporating 

dopants into the GQD/G hybrid nanoplatelets in enhancing ORR activity. Also, it was 

clear that the ORR activity was significantly influenced by doping time and the dopant 

concentration, with BN-GQD/G-30 having the most positive onset potential (0 V vs. 

Ag/AgCl) and largest current density through the entire potential range. The 

relatively inferior ORR activity, less positive onset potential and smaller current 

density, of both BN-GQD/G-10 and BN-GQD/G-60 was supportive of the assertion that 

lower BN doping content results in a lower number of electrocatalytic sites, while 

higher BN doping content would produce pairs of B and N dopant (as illustrated by 

the XPS analysis). The lower number of electrocatalytic sites would not enhance ORR 

activity.16 To show the synergistic effects of dual B and N doping, N-GQD/G was also 

included for comparison; it has a much more negative onset potential and smaller 

current density than BN-GQD/G-30 with the same doping time. When compared to 
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commercial Pt/C, it is remarkable that the onset potential of BN-GQD/G-30 measured 

from the RDE voltammograms was ~ 15 mV more positive than that of Pt/C. In 

addition, the diffusion-limited current density and current density in the potential 

range of 0.20 V to – 0.15 V of BN-GQD/G-30 was also larger than those of Pt/C at the 

same mass loading, suggesting the higher ORR activity of BN-GQD/G-30 than Pt/C. 

Figure 5.2-6b summarizes electron transfer number (n) and kinetic current densities 

(JK) obtained from the K-L equation for all samples. BN-GQD/G-30 with its nearly full 

4-electron ORR process (n = 3.93) and large kinetic current (JK = 11.1 mA cm-2) 

outperformed DF-GQD/G (n = 2.56, JK = 2.1 mA cm-2), N-GQD/G (n = 2.62, JK = 5.4 mA 

cm-2), BN-GQD/G-10 (n = 2.70, JK = 4.3 mA cm-2) and BN-GQD/G-60 (n = 2.62, JK = 7.2 

mA cm-2), highlighting the importance of tuning doping concentration and the 

synergistic co-doping effects. More importantly, the kinetic current of BN-GQD/G-30 

was even larger than that of Pt/C (JK = 9.6 mA cm-2).  

 

Figure 5.2-6. a) RDE linear sweep voltammograms of ORR on DF-GQD/G, N-

GQD/G, BN-GQD/G-10, BN-GQD/G-30, BN-GQD/G-60 and Pt/C at a rotating 

speed of 900 rmp and scan rate of 5 mV s-1. b) Electrocatalytic activity given as 

the kinetic current density at – 0.5 V for all samples in (a).  
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5.3. Conclusion 

In summary, with inexpensive and earth-abundant coal and graphite as raw 

materials, the low-cost production of boron and nitrogen co-doped graphene 

quantum dots/graphene hybrid nanoplatelets by hydrothermal reaction and post-

annealing treatment was demonstrated. With enriched edge and BN doping sites from 

graphene quantum dots and high electrical conductivity from graphene, the 

optimized hybrid nanoplatelets exhibit excellent ORR activity with ~ 15 mV more 

positive onset potential and similar current density when compared to commercial 

Pt/C.   

5.4. Experimental Section 

 Synthesis of GO and GQD. GO was synthesized from graphite flakes (~ 150 μm flakes) 

using the improved Hummers method.30 GQDs were synthesized using our published 

procedure.23 Briefly, 300 mg of anthracite coal (Fisher Scientific, catalogue number 

S98806) was suspended in concentrated H2SO4/HNO3 (60 mL:20 mL), and then bath 

sonicated (Cole Parmer, model 08849−00) for 2 h. The mixture was then stirred and 

heated at 100 °C for 24 h. The reaction was allowed to cool to room temperature and 

poured into a beaker containing 100 mL ice, followed by addition of NaOH (3 M) until 

the pH reached ~ 7. The as-obtained mixture was then filtered through a 0.45 µm 

polytetrafluoroethylene (PTFE) membrane and the filtrate was dialyzed in a 1000 Da 

dialysis bag for 5 d.  
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  Synthesis of GQD/GO hybrid nanoplatelets. GQD/GO hybrid nanoplatelets were 

prepared by a hydrothermal process. In a typical process, 20 mg GQD and 10 mg GO 

were added to 5 mL DI water and bath-sonicated (Cole Parmer, model 08849-00) for 

2 h to form a stable aqueous suspension. The resulting mixture was then sealed in a 

Telfon-lined autoclave and hydrothermally treated at 180 °C for 14 h. Finally, the as-

obtained samples were freeze-dried to obtain the powder product.  

 Synthesis of BN-GQD/GO. The BN-doping process was performed using a CVD oven. 

Typically, GQD/GO was placed on a quartz boat in a standard 1 in quartz tube furnace 

and solid boric acid was placed in a lower temperature zone as a boron source. Then, 

the quartz tube was evaucated to ~ 100 mTorr and Ar/NH3 (300 sccm:30 sccm) was 

turned on as a nitrogen source. After that, the temperature was increased to 1000 °C 

within 30 min and the reaction was allowed to proceed for 10 min, 30 min, or 60 min 

to give BN-GQD/GO-10, BN-GQD/GO-30, BN-GQD/GO-60, respectively. For 

comparison, DF-GQD/GO and N-GQD/GO were prepared using the same procedure 

with 30 min doping except no BN or B sources were provided, respectively.     

 Characterization. SEM was performed using FEI Quanta 400 high-resolution field 

emission scanning electron microscope in high vacuum mode. TEM was performed 

using JEOL 2100 field emission gun transmission electron microscope. XPS spectra 

were taken on a PHI Quantera SXM scanning X-ray microprobe with a monochromatic 

1486.7 eV Al Kα X-ray line source, 45° take off angle, and a 200 μm beam size. XPS 

spectra were taken on a PHI Quantera SXM scanning X-ray microprobe. Al anode at 

25 W was used as an X-ray source with a pass energy of 26.00 eV, 45° take off angle, 
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and a 100 μm beam size. A pass energy of 140 eV was used for survey and 26 eV for 

atomic concentration. Raman spectroscopy (Renishaw inVia) was performed at 514.5 

nm laser excitation at a power of 20 mW. 

 Electrochemical characterization. CV and RDE studies were conducted in a home-

built electrochemical cell using a Ag/AgCl electrode as the reference electrode and a 

Pt wire as the counter electrode. For preparation of the electrode, BN-GQD/GO 

catalyst (2 mg) and 2 mL of 0.5 wt% Nafion aqueous solution were mixed and 

dispersed by sonication until a homogeneous ink was formed. Then, 16 μL of the 

catalyst ink was loaded onto a glassy carbon electrode (5 mm in diameter). The 

catalyst ink was dried slowly in air. A flow of O2 was maintained in the electrolyte 

during the measurement to ensure continuous O2 saturation. Commercial 20 wt% 

platinum on Vulcan carbon black (Pt/C from Alfa Aesa) was used for comparison, with 

all the testing parameters kept the same as that used for the BN-GQD/GO electrode.  
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Chapter 6 

3D reduced graphene oxide coated 

V2O5 nanoribbon scaffolds for high 

capacity supercapacitor electrodes 

This chapter is mainly copied from reference: Gonglan Ye, et al.  Particle and Particle 

system characterization, 2015, 32, 817-821. 

6.1. Introduction 

Supercapacitors, are one of the most practical and effective technologies in energy 

storage as their high power density, long lifecycle, and fast charge/discharge rate 

complements those of lithium-ion batteries. However, the low energy density of 

supercapacitors limits their standalone applications. An effective way to get high 

energy density is to improve the specific capacitance of electrode materials since the 
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energy density (E) of a supercapacitor is proportional to the specific capacitance (C) 

(E=1/2CV2).1,2 Carbon-based materials such as carbon nanotubes,3 nanofibers,4 and 

graphene5 have been widely studied as electrode materials and show improvements 

in electrochemical performances. However, the low capacitance of carbon based 

materials, even for 3D mesoporous carbons,6 is still the biggest problem preventing 

these electrode materials to be commercially applied.7 Metal oxides, on the other 

hand, can exhibit higher capacitance for energy storage due to their different energy 

storage mechanism, but usually show poor rate and cycle stability.8 Very recently, 

intensive investigations demonstrated that 3D hybrid architectures composed of 

metal oxide and graphene could potentially have better performance if a composite 

electrode possesses both the good rate performance of carbon-based materials and 

the high specific capacitance of metal oxides.9 This is becoming an efficient strategy 

to achieve ideal electrode materials for supercapacitors. 

Among all the electrochemically active metal oxides (Co3O4, Fe2O3, RuO2), V2O5 has 

been widely studied as electrode material for energy storage in both aqueous and 

organic electrolyte systems due to its high capacity and stable crystal structure.10 

However, the electrochemical properties of V2O5 are significantly influenced by its 

structure. For example, the energy density of bulk V2O5 is only 11.6 Wh/g, meanwhile 

the aerogel of V2O5 has a much higher energy density.11,12 Furthermore, the combined 

porous structure of V2O5 and carbon can further increase its electrochemical 

properties for energy storage.13 For instance, the energy density of electrospun 

V2O5/carbon nanofiber composites is 18.8 Wh/g, and achieve a higher rate 
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performance.14 Developing a high surface area nanomaterial using V2O5 and 

combining it with the highly conductive nature of carbon materials is a promising way 

to improve both energy density and power density.  

6.2. Results and discussion  

Here, a unique 3D architecture constructed by ultrathin single-crystalline V2O5 

nanoribbons (V2O5 NR) with reduced graphene oxide (rGO) layers was fabricated via 

a simple hydrothermal synthesis and subsequent oxidation treatment. The as-

prepared 3D architecture possesses several benefits that enhance the specific 

capacitance and rate performance of V2O5 for energy storage. Firstly, the ultrathin 

nature of V2O5 ribbons facilitates the fast diffusion of both electrons and ions. 

Secondly, the numerous V2O5 ribbons are entangled with thin layers of rGO 

generating an architecture with large surface area, which is favorable for the 

formation of a large amount of electrolyte/electrode interfaces. Finally, the 3D 

architecture has rGO as a backbone, which provides a high electrical conductivity for 

overal electrode. Due to these advantages, the unique 3D V2O5 nanoribbon/rGO (3D 

V2O5 NR/rGO) architecture exhibits a high capacitance of 437 F/g at a current density 

of 1 A/g and 234 F/g at 20 A/g, good stability and superior rate performances when 

applied as an electrode material for energy storage.  

The precursor material is the 3D VO2 NR/rGO aerogel, which was synthesized by a 

hydrothermal method and a subsequent freeze drying process, similar sample 

preparation have previously reported as a promising cathode for ultrafast lithium 
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storage.15 The 3D V2O5 NR/rGO architecture synthesis was obtained by a simple 

oxidation of the 3D VO2 NR/rGO at 300 °C for 12 h. In a typical experiment, V2O5 

powder (40 mg) was first dispersed into a GO dispersion (2 mg/ml, 5 ml), synthesized 

by a modified Hummer method.16 Then the mixture was sealed into a 20 ml Teflon-

autoclave and kept at a temperature of 180 °C for 12 h. In the hydrothermal procedure, 

V2O5 powder is firstly dissolved, and dispersed onto the surface of GO sheets (Figure 

6.2-1a). The formation of VO2 ribbons is obtained by the reduction of GO. The final 3D 

V2O5 NR/rGO porous architecture is obtained by a freeze drying technique to remove 

the solvent interpenetrated in the VO2 nanoribbons and GO structure. In the last step, 

the as-prepared 3D VO2 NR/rGO was heated in air to form a 3D V2O5 NR/rGO 

architecture. An image of the final product is shown in Figure 6.2-1b. The porous 

nature of the 3D V2O5 structure and the V2O5 powder was studied by nitrogen 

physisorption measurements. The adsorption/desorption isotherms spectroscopy 

shows a typical H3 hysteresis loop (Figure 6.2-2a). The Brunauer-Emmett-Teller 

(BET) method reveals a specific surface area value of 89 m2/g for 3D architecture, 

which is much higher than that of the V2O5 powder (7 m2/g). The Barrett-Joyner-

Halenda (BJH) calculation shows that the overall pore-size distribution for 3D V2O5 

structure is in the range of 3-27 nm (Figure 6.2-2b). 

The morphology of the as-prepared 3D V2O5 NR/rGO architecture were initially 

investigated by field emission scanning electron microscopy (FESEM). As shown in 

Figure 6.2-1c, ultrathin nanoribbons and rGO sheets were observed, in which they 

were entangled with each other to form a 3D porous interpenetrating architecture.  
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Figure 6.2-1. Synthesis. (a) Panel showing the main steps during the 

fabrication procedure of 3D V2O5 NR/rGO architecture: first VO2 NR/rGO is 

produced by a hydrothermal treatment of V2O5 powder and GO at 180 ˚C for 12 

h, followed by oxidation of VO2 NR/rGO to form V2O5 NR/rGO at 300 ˚C for 12 h 

under air condition. (b) The photograph of 3D V2O5 NR/rGO aerogel (a 

cylinder with diameter of ~0.8 cm and length of ~1.2 cm). (c) Typical field 

emission scanning electron microscopy (FESEM) image of the 3D porous 

structure constructed from V2O5 nanoribbons and rGO sheets. 
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Figure 6.2-2. (a) nitrogen adsorption/desorption isotherms of 3D V2O5 

architecture and the commercial V2O5 powder, indicating 3D V2O5 architecture 

has higher surface area than V2O5 powder. (b) the pore size distribution 

curves of 3D V2O5 architecture and V2O5 powder calculated by the Barrett-

Joyner-Halenda (BJH) method, which shows a pore size range of 3-27 nm in 3D 

V2O5 structure. 

The microstructure of the 3D architectures was further analyzed by X-ray diffraction 

(XRD), raman spectroscopy, and transmission electron microscopy (TEM) and X-ray 

photoelectron spectroscopy (XPS) (Figure 6.2-3 and Figure 6.2-4). The characteristic 

peaks of XRD pattern were well-indexed for the V2O5 crystal structure, matching with 

the JCPDS 40-1296. As expected the characteristic (001), (003), (004) peaks are 

located at 7.9, 24.4, 32.7 degree,12,17 respectively (Figure 6.2-3 a). There is no any 

detectable characteristic peak of graphene oxide, suggesting that the sheets are well 

dispersed in the final 3D architectures. There are five well-indexed peaks for both 3D 

V2O5 structure and the V2O5 powder in Raman spectroscopy (Figure 6.2-3 b), which 

clearly demonstrates that V2O5, rather than other compound, was obtained as final 

products. The two peaks at 1349 cm-1 and 1596 cm-1 can be assigned to D and G bands 
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of rGO, respectively. The Raman spectra reinforce the evidence that the rGO remains 

in the 3D architecture even after oxidation. The XPS spectra (Figure 6.2-4-a) gives the 

information that V2O5 crystals were formed in the 3D architecture, where the 2p3/2 

and 2p1/2 bands of V5+ are located at the binding energy values of 517.2 eV and 524.7 

eV, respectively (red curve in Figure 6.2-4-a). This is consistent with the XPS 

spectrum of the commercial V2O5 powder (black curve in Figure 4-a), while it is 

apparently different from the peak locations in the spectrum of 3D VO2 architecture. 

The C1s peak (Figure 6.2-4-b) appears both in 3D V2O5 and VO2 architecture, 

evidencing the existence of rGO in the 3D architecture. Further investigations of the 

TEM image (Figure 6.2-3d) reveal that the V2O5 ribbons are single crystalline with 

lattice periodicity of 0.17 nm, corresponding to the spacing of the (020) planes of 

V2O5.12 
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Figure 6.2-3. Phase analysis. (a) X-ray diffraction (XRD) pattern of 3D V2O5 

architecture. All diffraction peaks match with standard values (JCPDS 40-

1296). (b) Raman spectra indicate that 3D V2O5 and commercial V2O5 powder 

present the same behavior. (c) transmission electron microscopy (TEM) image 

of an individual V2O5 NR shows that it is well connected with rGO. (d) 

Representative lattice fringes shows the single-crystalline nature of V2O5 NR 

with no lattice deformation. 
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Figure 6.2-4. X-ray photoelectron spectroscopy (XPS) of 3D V2O5 architecture 

and the commercial V2O5 powder, (a) indicating the presence of V5+ in 3D V2O5 

architecture, and (b) indicating the existence of rGO. 

The electrochemical performances of 3D V2O5 NR/rGO architecture was first studied 

by cyclic voltammetry (CV) measurements using a symmetric cell arrangement with 

1M Na2SO4 aqueous electrolyte. The CV curves were obtained using a potential 

ranging from 0 to 1 V for different voltage scan rate (from 1 to 500 mV/s). As shown 

in Figure 6.2-5a, the CV curves show a quasi-rectangular shape even as increase the 

scan rate, indicating a good reversibility of 3D V2O5 NR/rGO architecture for energy 

storage.18,19 The specific capacitance (C, in F/g) of the electrode was calculated by an 

equation , where I is the response current density, ν is the scan 

rate, m is the mass of active material in one electrode, and V is the scan potential 

window used in a two-electrode cell.20 A high capacitance of 437 F/g is achieved in 

the case of 3D V2O5 NR/rGO electrode, which has a comparable specific capacitance 

to other reported V2O5 nanomaterials (300-400 F/g)18,21 and much larger than 3D VO2 
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NR/rGO (262 F/g) and V2O5 powder (112 F/g) (Figure 6.2-6 and 6.2-7 a). Figure 6.2-

5 b shows a typical CV curves (potential range 0-1 V and scan rate of 50 mV/s) and 

Figure 6.2-7 b shows the related charge/discharge curves (current rate of 1 A/g) for 

3D V2O5 NR/rGO (black curve), 3D VO2 NR/rGO (red curve) and V2O5 powder (blue 

curve). The enhancement of the specific capacitance of 3D V2O5 NR/rGO compared to 

V2O5 powder could be attributed to the larger surface area and better conductivity of 

3D V2O5 NR/rGO.  The electrochemical performance of 3D V2O5 NR/rGO was better 

than 3D VO2 NR/rGO, and matches with the values reported in earlier works.19,22  

 

Figure 6.2-5.  CV measurements. (a) CV curves of 3D V2O5 architecture tested 

at different scan rates from 1 mV/s to 500 mV/s in the potential range of 0 to 1 

V in 1M Na2SO4 aqueous electrolyte. (b) CV curves of 3D V2O5 architecture, 3D 

VO2 architecture and commercial V2O5 powder tested at a scan rate of 50 mV/s 

with the potential range from 0 to 1 V in 1M Na2SO4 aqueous electrolyte. 
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Figure 6.2-6. Specific capacitance of 3D V2O5 NR/rGO, 3D VO2 NR/rGO and V2O5 

powder electrode materials with potential ranges from 0 to 1 V under 

different scan rates by CV measurement, showing the largest specific 

capacitance of 3D V2O5 NR/rGO among these three electrodes.  

 

Figure 6.2-7.  (a) typical charge/discharge curves of 3D V2O5 NR/rGO 

architecture with potential ranges from 0 to 1 V at current rates from 0.05 A/g 

to 1 A/g. (b) charge/discharge curves of three electrode materials at a current 

rate of 1 A/g, indicating good specific capacitance of 3D V2O5 NR/rGO as 

electrode material. 
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To further study the electrochemical performances of 3D V2O5 NR/rGO architecture 

for energy storage, galvanostatic charge/discharge measurements were carried out 

in the potential range from 0 to 1 V. For comparison, V2O5 powder and 3D VO2 NR/rGO 

samples were also tested under the same conditions. Figure 6.2-8 a shows the curves 

of specific charge/discharge capacitance versus the cycle number for the three 

considered electrodes at a current density of 1 A/g. For charge/discharge 

measurement, the specific capacitance was determined by an equation of 

C=2IΔt/(mΔV), where I is the discharge current, Δt is the time needed for discharge, 

and ΔV is the discharge potential, m is the active mass of one electrode material in the 

working electrode.19 As shown in Figure 6.2-8, in the case of 3D V2O5 NR/rGO, a high 

specific capacitance of 437 F/g is achieved after 100 cycles, which is much higher than 

those of 3D VO2 NR/rGO (262 F/g) and V2O5 powder (112 F/g). These results are in 

good agreement with those from CV measurements. More importantly, the 3D V2O5 

NR/rGO exhibits a good rate capability as well as superior stability. The specific 

capacitance maintains a constant value of 234 F/g for a charge/discharge rate of 20 

A/g, as shown in Figure 6.2-8 b. After 400 cycles, the specific capacitance increases 

back to 437 F/g as the current density of 1 A/g was applied. Furthermore, the 

capacitance of 3D V2O5 NR/rGO retains 98% of the initial specific capacitance after 

10000 cycles at 5 A/g and 96% at 10 A/g (Figure 6.2-8 c). To the best of our 

knowledge, the cycling stability of 3D V2O5 NR/rGO is superior to other reported 

V2O5-based material in aqueous electrolytes.  
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Figure 6.2-8. Electrochemical performances of V2O5 NR/rGO architecture. (a) 

Capacities of V2O5 NR/rGO, VO2 NR/rGO, and V2O5 powder measured for 100 

cycles at current rate of 1 A/g. (b) Rate capacities of V2O5 NR/rGO 

architectures measured for 100 cycles at various rates from 1 A/g to 20 A/g. 

(c) Capacity retentions of V2O5 NR/rGO architectures when performing full 

charge-discharge at a current rate of 5 A/g and 10 A/g for 10,000 cycles. 

To understand the reasons of the excellent electrochemical behavior of the 3D V2O5 

NR/rGO structure, the electrochemical impedance spectra (EIS) was conducted in the 

frequency range of 100 kHz to 0.01 Hz. As shown in Figure 6.2-9, the behavior of the 

3D V2O5 NR/rGO and the reference samples are composed by straight line in low 

frequencies and a semicircle in the high frequency regions. Generally, the low 

frequency region results in the formation of Warburg impedance and the high 

frequency region results in the formation of the resistance and capacitance.23] It is 

clear that the curve for 3D V2O5 NR/rGO structure has higher slope than for the 3D 
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VO2 NR/rGO and V2O5 powder in the low frequency range, illustrating that the 

electrode composed by 3D V2O5 NR/rGO architecture has a larger capacitive behavior 

and lower diffusion resistance of electrolyte ions in the electrode in comparison with 

the other two considered materials. The obtained results are in good agreement with 

the analysis from CV curves. At high frequency, V2O5 or VO2 with reduced graphene 

oxide apparently have smaller radius compared to the pristine V2O5 powder, 

suggesting higher conductivity for rapid ion transport due to the good conductivity of 

rGO and the 3D porous structure. Notably, the 3D VO2 NR/rGO architecture has a 

slightly lower resistance than the 3D V2O5 because the reduced graphene oxide was 

partially oxidized during the oxidation process. 

 

Figure 6.2-9. Nyquist impedance plots for supercapacitors built with 3D V2O5 

NR/rGO architecture electrodes. This is obtained by applying a sine wave of 

5.0 mV amplitude in the frequency range of 100 kHz to 0.01 Hz. The inset 

shows the high frequency, low impedance region. 
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6.3. Conclusion  

In summary, a unique 3D architecture built from V2O5 nanoribbons and reduced 

graphene oxide sheets was achieved via a three step process: hydrothermal 

procedure, freeze drying and oxidation. The unique 3D V2O5 NR/rGO architecture 

exhibit a large surface area and well-distributed pore size. As a consequence, a high 

specific capacitance of 437 F/g is achieved for 3D V2O5 NR/rGO architecture, and the 

capacitance can retain 96% of the initial energy density even after 10,000 cycles at a 

current density of 10 A/g. The large specific capacitance, ultra-high rate capability, 

super cycling stability of 3D V2O5 NR/rGO architecture render it promising for the 

next energy storage generation. 
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