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SUMMARY 

There is a rising demand to substitute fossil fuels with environmental-friendly energy 

resources. Providing hydrogen resource through a water splitting process can be one way to 

satisfy this critical need. The high cost of the conventional water splitting catalysts such as 

platinum makes this process inapplicable for industry utilization. Hence, there is a need to 

find low cost catalysts to make this process applicable for future applications. In this 

respect, earth abundant and inexpensive MoS2 nanostructures with sulfur (s) terminated 

edge atoms have previously been tested for HER activity. However, results indicate less 

efficient HERs on these structures which is mainly attributed to: (i) a low electrochemical 

activity of sulfur edge atoms, and (ii) a high charge transfer resistance between 

semiconductor MoS2 and electrode due to the Schottky barrier formation at their interface. 

In this work, a large-area crystalline 3D structured MoS2/Graphene (Gr) heterostructure 

is directly grown on the glass carbon electrodes using a large-scale atmospheric pressure 

chemical vapor deposition (APCVD) technique to considerably increase the active edge 

atoms of the MoS2 and improve the charge transfer toward active edge sites. The grown 3D 

structured MoS2 with Mo terminated edges has shown remarkable electrochemical activity 

due to the high density of d orbital electrons of the edge atoms (Mo). Our recent work 

published in chemistry of materials[1], which is widely reviewed in the second and third 

chapters of this dissertation, has fully investigated the growth mechanisms of this structure 

and the applicability of its heterostructure with graphene for HER activity. The control 
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experiments and characterizations have revealed that the 3D structured MoS2 follows the 

Stranski-Krastanov growth mode in which the transition from 2D to 3D happens after a 

critical thickness. The turn over frequency (TOF) measurements have shown a very high 

value for the 3D structured MoS2 demonstrating high chemical activity of this structure. 

Also, the electrochemical impedance spectroscopy (EIS) measurements have shown that 

the charge transfer resistance is much lower in 3D structured MoS2 grown on graphene film 

than those grown on glassy carbon and transferred to glassy carbon. These results confirm 

that the growth of this structure on top of the graphene film considerably improved the 

contact resistance between MoS2 and electrode.     
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CHAPTER 1: Introduction 

1.1. MoS2/Gr heterostructure for hydrogen evolution reaction 

Rising the global energy demand in future will significantly increase the amount of 

the produced carbon dioxide from consuming of the fossil fuels which can drastically 

change the earth’s climate. This serious challenge makes scientists think about replacing 

the fossil fuels with other environmental-friendly energy resources. Hydrogen is one 

option to be used as an energy resource for current devices, and one way to produce 

hydrogen is electrochemical water splitting[2], [3]. This process needs using a catalyst 

which is very active and stable for HER. Noble metals and some of the two dimensional 

(2D) materials are very promising for this reaction. Due to earth abundancy and low cost 

of 2D materials, utilizing them as a catalyst is preferable than platinum, which is a very 

active catalyst but expensive. Molybdenum disulfide is one of the 2D materials that 

attracts much attention for this application[4]–[7] because of its high activity and 

stability. However, the use of MoS2 as a catalyst was not very efficient for HER reaction 

due to the semiconductor nature of this material. The Schottky barrier formation at the 

interface of the electrode and MoS2 would increase the interface resistance and 

considerably decrease charge transfer through the interface. Hence, to increase the 

electron transfer from the electrode to the active edge sites of the MoS2, there is a need 

for an interlayer materials that are not only conductive but also compatible with MoS2 

and electrochemical applications. Graphene, as a conductive and chemically inert 
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material[8] which also can be used as a supportive layer for the MoS2, is a good 

candidate to overcome the mentioned issue. Hence, different synthesized MoS2/Graphene 

(MoS2/Gr) heterostructures can be very promising structures for dramatically improving 

the HER efficiency. 

1.2. Literature review of graphene 

1.2.1. Introduction 

Graphene, a semimetal sp
2
-hybridized carbon sheet, is the forerunner of the 2D 

materials which has been the subject of much research during the past decade. 

Thermodynamic calculations make scientists believe that 2D materials are unstable at 

room temperature[9]; however, the discovery of the single layer graphene  in 2004 by 

mechanical exfoliation of the graphite film changed the material science world [10]. Van 

der waals force between the graphene layers and its substrate creates a golden 

opportunity for the scientist to be able to discover the intrinsic properties of graphene. 

Long-range π-conjugation in graphene makes it a miracle material with astonishing 

mechanical, electrical and thermal properties [9], [11]. Experimental measurements show 

the electron mobility of 2.5 × 10
5
 cm

2
/V.S[12],the thermal conductivity of ~5000 

Wm/K[13], the Young’s module of 1Tpa[14] and many other superior properties for 

graphene, which makes it promising to be used for future generation devices. 

 Although  the work on graphene was first started with the aim of studying its 

fundamental properties, this trend expeditiously has changed to discovering its potential 
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in the industry applications [15]–[17]. Hence, other methods of production have to be 

utilized in order to make the mass production of the graphene possible for market 

applications. Liquid phase exfoliation, thermal exfoliation and chemical vapor 

deposition[11] are the methods which have been used to synthesize large area graphene 

films. These methods of production are discussed briefly in the following section. 

1.2.2. Production methods 

1.2.2.1. Chemical exfoliation 

This method is used for the production of graphene sheets. The first step is to oxidize 

the graphite by using strong acids and oxidants[18]. Then, the graphene oxide sheets are 

exfoliated by sonicating the graphite oxide sheets. The exfoliated graphene oxide sheets, 

which are insulators, can be suspended homogeneously in aqueous, organic or polar 

solvents. Finally, these insulator graphene oxide sheets can be modified to the electrically 

conductive reduced graphene oxide sheets by using chemical methods, thermal methods 

and ultraviolent assisted methods[19], [20]. It is worth mentioning that these methods 

cannot produce a pristine graphene due to the presence of the considerable amount of the 

oxygen in the reduced graphene oxide sheets[21]. There are also other exfoliation 

methods in which graphite intercalation compounds or expandable graphite will be used 

instead of the graphite oxide sheets. These methods produce high-quality graphene sheets 

although the yields of single layer graphene sheets is not high[21]. 
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1.2.2.2. Chemical vapor deposition 

Growth of the graphene on the SiC substrate[22]–[25] is another method of the 

graphene production which is easily applicable for high-power electronic applications. In 

this method, sublimation of the silicon atoms at very high temperatures (above 1000 
o
C) 

results in the growth of the polycrystalline graphene layers on the substrate[11], [22]. 

The size of the graphene films produced by this method is in the range of the hundreds of 

micrometers, and the high substrate cost limits the use of this method for the growth of 

the graphene film[11].  

The growth of the graphene on the Cu foils [26]via Chemical Vapor Deposition 

(CVD) is a method which has been widely used to produce high quality polycrystalline 

graphene films on a large scale. Methane (CH4), hydrogen (H2) and argon are the gases 

which are used for the growth of the graphene by this method. Methane gas provides 

carbon atoms, and hydrogen gas will activate the bonding between the cu surface and 

carbon atoms. Hydrogen gas also could etch the graphene layers and have a direct effect 

on the shape and size of the graphene grains[27] and argon gas is used as a carrier gas. In 

this growth method, first single crystalline graphene islands are randomly nucleated on 

the Cu substrate and continue to grow larger. Next, these single crystalline islands merge 

together and make a grain boundary and form polycrystalline graphene film. The quality 

of the grown polycrystalline film depends on the quality of the single crystalline grains 

and how well they are stitched together[16]. The quality and shape of the single 

crystalline grains can be affected by the growth parameters, such as temperature[28] or 
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pressure[16], [26] of the growth. Basically, CVD graphene can be grown by Low 

pressure and atmospheric pressure methods. The former results in dendritic grain shape 

[26] with irregular edges[16], [26], [29], [30] and the later results in a hexagonal grain 

shape with edges that are mostly aligned along the zigzag direction of the graphene 

lattice[31], [32].  

1.2.3. Properties and applications 

1.2.3.1. Mechanical properties and applications  

The mechanical properties of a crystalline material depends on the characteristics of 

its lattice crystallinity. Lee et al. measured the mechanical properties of the suspended 

pristine graphene, which is a crystalline material with a covalently bonded carbon atoms, 

with Atomic force microscopy (AFM) method[14]. In this study, they reported a non-

linear elastic behavior for pristine graphene with the young modulus of 1 TPa[14]. 

Furthermore, graphene exhibits a brittle fracture at the strength of 130 GPa  [14], which 

proves this material has the highest strength compared to the other ones [14], [33]. As it 

was mentioned previously, to be able to use graphene for industrial applications, it needs 

to be synthesized by a method which can be utilized for mass production. Synthesizing 

graphene via CVD method is one of the most promising methods for large scale 

production. In this method, the synthesized graphene film consists of many single 

crystalline islands which merges together and forms many grain boundaries. Structural 

defects can play a key role on changing the mechanical properties of a crystalline 

material[34]–[36], and since the grain boundaries are considered  line defects, it is also 
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important to know how they will effect graphene mechanical properties. While some 

studies have shown that the grain boundaries weaken the mechanical properties of the 

graphene[37], [38], Lee et al. shows that the young modulus of the polycrystalline 

graphene is the same as the pristine graphene, and there is just a slight change in the 

stiffness of the polycrystalline graphene compared to the pristine one[39]. The change in 

the mechanical properties of the polycrystalline graphene in previous studies can be 

attributed to the post-processing steps after graphene growth or the size of the single 

graphene grains, which form the polycrystalline film[39]. It is worth noting that the 

strength of the polycrystalline graphene film can significantly be reduced if the size of 

the single crystalline domains were small.  Owing to these astonishing mechanical 

properties, mixing of the composite materials and polymer-based nanocomposites with 

graphene can considerably enhance the strength and fracture toughness of them[36], 

[40]–[45].  

1.2.3.2. Electronic properties and applications 

Based on Moore’s law[46], metal-oxide-semiconductor field-effect transistors 

(MOSFETs) will reach to their geometrical limit in the near future. Electrostatic 

degradation and short channel effects are the major challenges in existing FETs with 

short gates[47], [48]. Furthermore, reducing the channel thickness of the existing silicon 

MOSFETs to the thickness of less than 2 nm [49]results in the reduction of their 

mobility[17].  Hence, the new generation of the materials will be needed to address these 

issues. Graphene which has a one atom thickness and mobility of up to 100000 cm
2
V

-1
S

-
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1
[50] is one of the promising 2D materials for future electronic devices, especially high-

frequency ones[51]. Although graphene has a superior mobility, the absence of a 

bandgap makes it inapplicable in logic transistors. However, there has been some reports 

which have tried to change graphene band structure by making graphene 

nanoribbons[52], biasing bilayer graphene[53] and inducing strain to graphene[54]. None 

of these methods were completely successful in opening a bandgap in graphene 

practically. For example, making graphene nanoribbons results in the reduction of the 

graphene mobility due to increasing the effective mass of the charge carriers[17], [55]. 

Or, opening a band gap via inducing the strain into the graphene needs applying more 

than 20% global uniaxial strain, which is not applicable. 

In radio frequency devices, such as small-signal amplifiers, switch off is not a 

challenging issue, which makes the use of graphene very favorable in these 

applications[17]. One of the important parameters in radiofrequency applications is the 

cut-off frequency value which strongly depends on the field effect mobility of the device. 

The highest reported cut-off frequency for graphene devices is 100 GHz with a gate 

length of 240 nm, which beat out the best silicon MOSFET results with the gate length of 

550 nm[51].  This value is very impressive; although, graphene radiofrequency devices 

exhibit weak saturation behavior[17], [51].  
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1.3. Literature review of MoS2  

1.3.1. Introduction 

Molybdenum disulfide is a very well-known material as a dry lubricant[56] or 

intercalation host[57], [58] for decades. It is a layered material consisting of 

Molybdenum (Mo) as a metal and Sulfur (S) as a chalcogen atom. While these atoms are 

covalently bonded in the in-plane direction, the inter layer bonding between them is van 

der Waals (vdw) bonding, resulting in having different properties in the in-plane and out-

of-plane directions. For instance, it is very easy to cleavage the layers in the out-of-plane 

direction, while it needs a huge amount of energy to break the covalent atomic bonding 

in the in-plane one. After the discovery of a single layer graphene sheet by mechanical 

exfoliation method in 2004[10], single layer MoS2 and other transition metal 

dichalcogenides (TMDs) have been produced by the same methods for fundamental 

studies. Other methods of production, such as chemical exfoliation[59]–[61] and 

chemical vapor deposition methods [62], [63], have been used to produce these material 

with large scale approaches.  In the contrary with graphene which is chemically an inert 

material[8], MoS2 is a very promising candidate as a catalyst for electrochemical 

hydrogen production due to its high chemical activity and stability[64]. There have been 

many reports and reviews  on MoS2 as a catalyst for hydrogen evolution reaction 

(HER)[1], [4]–[7] which shows the importance and potential of this material for the 

energy applications. Furthermore, single and multilayer MoS2 have shown promising 

results for electronics and optoelectronics applications[65]–[67]. One major challenge in 
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using MoS2 for electrical devices is the quality of the electrical contacts, which has a 

direct effect on the efficiency of the entire device [68]. Basically, there is a Schottky 

barrier between MoS2 and metal electrodes resulting in considerably increasing the 

contact resistance and reducing the flow of the charge carriers into the MoS2 devices. 

This critical issue influences scientists to create heterostructures such as MoS2/Gr[1], 

[69], [70] or MoS2 (1T)/MoS2 (2H)[71]  to decrease the contact resistance at the interface 

resulting in significantly increasing the efficiency of the devices.  

1.3.2. Production methods 

1.3.2.1. Mechanical exfoliation 

Mechanical exfoliation is the first method which has been used for fundamental 

studies of the two-dimensional materials[10]. Generally, in this method the single layer 

of the material will be produced by multiple cleavage of the bulk of it with scotch tape. 

Novoselove et al.[72] published the first report on mechanically-exfoliated single-layer 

MoS2. Basically, MoS2 has three known polytypes, which are 1T, 2H and 3R based on 

the coordination of the Mo atoms in its crystal structure[73]. Since the bulk of the MoS2 

is 2H, exfoliated single-layer MoS2 would also be 2H-MoS2 with semiconducting 

properties. Although mechanical exfoliation methods will provide very high quality 

samples, there is no thickness control on the exfoliated samples and the size of the flakes 

produced by this method are very small. So, there is a need to produce MoS2 by other 

synthesization methods for mass production applications.   
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1.3.2.2. Chemical exfoliation 

Liquid phase exfoliation is one of the methods which has been used to produce 2D 

materials for mass productions. Basically, with liquid exfoliation method, the bulk of the 

material will dissolve in a solution with a surface tension close to the surface tension of 

the 2D materials. Next, the van der waals forces between the layers of the bulk material 

will be broken by the aid of the sonication to produce single-layer sheets. This Direct 

dispersion method has also been used for production of the MoS2 sheets, although 

achieving to the single-layer sheets does not have a high yield in this method[61].    

 Producing single-layer MoS2 sheets by using intercalates was another method of the 

chemical exfoliation, which has been used by the scientist[61] a few years ago. In this 

method, to have a uniform dispersion of the MoS2 layers inside of the water and weaken 

the van der Waals bonding between the layers[61], first, the reducing agent will be 

intercalated into the MoS2 layers. Next, the intercalated MoS2 sheets will be sonicated 

inside of the water or ethanol to produce single layer MoS2 sheets. N-butyl lithium is one 

of the reducing reagent which has been used[61] to produce single layer MoS2 sheets.  

Although the yield of single layer MoS2 sheets is very high in this method, there is the 

possibility of producing the mixture of the 1T and 2H-MoS2 single-layer sheets in this 

method[73]. To produce only 2H-MoS2 by this method, scientist have been using other 

surfactant like sodium cholate[74], [75].  

Electrochemical exfoliation is another method which has been used by scientists to 

produce atomically thin MoS2 sheets. Basically, in this method as a result of the water 
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oxidation, the OH and O radicals weaken the van der Waals bonding by inserting 

between the MoS2 layers. Then, the bulk of MoS2 will be expanded and finally exfoliated 

to the single-layer sheets by the gas bubbles produced as a result of the radical 

oxidations[76]. This method yields achieving large single-layer MoS2 sheets while there 

is the possibility of oxidation during the process, which can be treated by post-

annealing[73]. 

1.3.2.3. Chemical vapor deposition 

 Liu et al.[77] has used a layer of ammonium thiomolybdate (NH4)2 MoS4 for 

Producing large scale thin layers of MoS2. In this method, they immersed insulating 

substrates such as sapphire into the solution of the dimethylformamide (DMF) and 

(NH4)2MoS4 to coat a layer of the (NH4)2MoS4 on top of the substrate. Then the coated 

substrate was annealed at 500 
o
C in the presence of the Ar/H2 gas, which resulted in the 

formation of the thin layers of MoS2. Since their Raman characterization revealed that 

the synthesized MoS2 layers do not have perfect crystallinity, they performed the second 

annealing process at 1000 
o
C in the presence of the Ar/S gas to improve the crystallinity 

of the synthesized structures. Their second annealing process considerably improved the 

crystallinity of their synthesized MoS2 structures and their field effect transistor (FET) 

measurements show electrical mobility of 6 cm
2
V

-1
S

-1
 and on/off ratio of the 10

5
, which 

were comparative with electrical characteristic of the mechanically exfoliated samples. 

Deposition of a thin layer of Molybdenum (Mo) on SiO2 substrate was another 

method which has been used by Zhan et al.[78] to produce thin layers of MoS2. In this 
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approach, a thin layer of Mo was deposited on the SiO2 substrate by electron beam 

evaporation technique. Then Mo-coated substrate and sulfur precursor were placed into 

the furnace at two different zones. When the temperature of the Mo-coated substrate 

reached 750 
o
C, the sulfur also vaporized to react with the Mo in order to produce thin 

layers of  MoS2. Their reported mobility for the grown MoS2 samples were between 

0.004 to 0.04 cm
2
V

-1
S

-1
.  

Synthesizing MoS2 by sulfurizing the molybdenum trioxide (MoO3)  is one of the 

most successful CVD methods for large scale single layer MoS2 production [79]. In this 

method, the sulfur powder and MoO3 powder will be used as precursors for the growth. 

The substrate will be placed upside down on top of the MoO3 crucible and argon gas will 

be used as a carrier gas during the growth. The complete explanation of this method is 

provided in chapter 3. 

1.3.3. Properties and applications 

1.3.3.1. Electronic properties and applications  

While the band gap of the bulk MoS2 is indirect at the Γ-point, it shifts to be direct 

for the single-layer MoS2[80]–[82], which is due to the quantum confinement[83].This 

property makes monolayer MoS2 very promising for electronic applications, especially 

high switching ones. Currently the smallest applicable FET transistors are the silicon 

based metal-oxide-semiconductor FETs with the feature length of the 22 nm[83].Short-

channel effects, which are the result of the quantum effects[83], make reduction size of 
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the conventional electronic devices challengeable and almost impossible. Hence, usage 

of the 2D materials like MoS2, which have just one atom thickness, can break the scale 

limitation and revolutionize the size of the electronic devices. While decreasing the size 

of the electronic devices is very important, having high carrier mobility, high on/off ratio 

and low off-state conductance is also essential for high speed switching transistors[83]. 

The reported mobility, on/off ratio, and subthreshold swing of top gated MoS2 are  >200 

cm
2
V

-1
S

-1
,10

8
 and 74 mv respectively[67] which are promising values to satisfy the 

circumstances of the high speed switching transistors at very small scales. Astonishing 

electrical performance of the MoS2 together with high mechanical stiffness and strength 

(30 times stronger than steel)[84] also makes it an encouraging candidate for flexible 

electronic devices. Tuning the bandgap of the MoS2 based on its number of layers also 

makes it applicable for photodetection devices. It has been shown that single and double 

layer MoS2 are effective for detecting the green light while its triple layer is effective for 

red light detection[83], [85].  

1.3.3.2. Chemical properties and hydrogen evolution reaction applications  

MoS2 and other TMDs as low-cost and earth abundant materials, which show their 

potential for hydrogen evolution reaction, have opened up a new research direction in 

energy applications for scientists during recent years[7], [86]. Although the bulk of the 

MoS2 is not an active catalyst for HER[87] due to catalytically inertness of its surface, 

MOS2 nanostructures have shown enhanced results for HER activity[88], [89]. The 

density functional theory (DFT) calculations have shown that the catalytic activity of the 
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Mo terminated edge of  MoS2 for HER is close to the noble metals like platinum[89]. 

Hence, one way to enhance the catalytic activity of the MoS2 is increasing the number of 

the MoS2 active sites. Vertically oriented MoS2 nanowires is one of the works which has 

been done in this field by Chen et al.[90] to increase the active surface area of the MoS2. 

In this work, diluted H2S gas is used to react with the MoO3 nanowires and change their 

shell structure to MoS2 structure serving as active sites during the reaction. However, the 

core of the structures remained unchanged during the reaction. Hence, the electrons can 

easily transfer to the active sites through the MoO3 core, which is a conductive material. 

Furthermore, the proper sulfurization temperature (200 
o
C) results in the growth of the 

complete acid resistant MoS2 layers around the MoO3 core and significantly increasing 

the stability of the grown catalyst in the acidic media[64]. Another attempt to increase 

the active edge sites of the MoS2 was synthesizing vertically aligned MoS2 by 

sulfurization of the 5 nm thick Mo layer deposited on the substrate via electron-beam 

evaporation technique[91]. The results have shown the low catalyst activity with the 

overpotential of 440 mv, although the turn over frequency (TOF) was 0.013 S
-1

, proving 

high activity of the edges.  

The other way to improve the HER efficiency of the catalyst is decreasing the charge 

transfer resistance between the electrode and MoS2 which is a semiconductor material. 

Making heterostructures with 2D materials can help to satisfy this demand. Shi et al.[82] 

have grown the heterostructure of the MoS2/graphene in 2012 by Thermal decomposition 

of the MoS2 flakes on top of the CVD grown graphene. In this work they have not done 



15 

 

 

any electrochemical measurements, but they have suggested that the graphene can act as 

an electrode due to its high electrical and mechanical stability and MoS2 flakes can serve 

as catalyst for electrochemical applications.  

1.4. Research Objective 

In this Study, a method is presented to grow the heterostructure of the 3D structured 

MoS2 and Gr. The graphene film is first grown by an APCVD method and then 

transferred on top of the glassy carbon substrate. Next, the 3D structured MoS2 is grown 

on top of the Gr/glassy carbon substrate using another APCVD approach. Different 

experiments and characterizations are performed to understand the growth mechanism of 

the 3D structured MoS2 and electrochemical experiments are performed to measure the 

HER activity of the grown catalyst with and without the graphene film. Density 

Functional Theory is also carried out to find out the catalytic properties of the MoS2 and 

the effect of Gr. It is worth nothing that synthesizing 3D structured MoS2 is significantly 

improved the HER activity of it. Also, the growth of this structure on top of the graphene 

film results in considerably enhancing the charge transfer from the electrode to the 

catalyst.  

 

 

  

 



16 

 

 

CHAPTER 2:  Synthesize and Characterization of CVD MoS2/Gr Heterostructure 

(Most of this chapter is entirely copied from my published paper with the following citation: 

A. Behranginia, M. Asadi, C. Liu, P. Yasaei, B. Kumar, P. Phillips, T. Foroozan, J. C. Waranius, 

K. Kim, J. Abiade, R. F. Klie, L. A. Curtiss, and A. Salehi-Khojin, “Highly Efficient Hydrogen 

Evolution Reaction Using Crystalline Layered Three Dimensional Molybdenum Disulfides 

Grown On Graphene Film,” Chem. Mater., p. acs.chemmater.5b03997, 2015.Please refer to the 

authors’ contributions in page iv in the beginning of this document for details of my 

contributions) 

2.1. Introduction 

Recently, MoS2 is being widely used in a broad range of applications from 

electronics[67], [92] and optoelectronics[93], [94] to energy conversion[95], [96] and 

storage systems[97]. Although enormous attention has been dedicated to produce 

atomically thin two dimensional (2D) MoS2 films,[62], [76]–[78], [98], [99] layered 

three dimensional (3D) structures of MoS2 with a high density of active edge atoms for 

electrochemical applications have not yet been explored.  

To date, several synthetic structures, such as MoS2 nanoparticles on Au (111) 

[88],vertically aligned MoS2 nanoflakes[91], ordered double-gyroid MoS2 bi-continuous 

networks[96], defect-rich MoS2 nanosheets[100], and chemically synthesized 

thiomolybdate [Mo3S13]
2-

 clusters[101] with sulfided Mo edge atoms have been 

developed and tested for HER. In this report, we employed the chemical vapor deposition 

method to synthesize crystalline 3D structured MoS2 with bare Mo edge atoms on 

graphene film, and demonstrate its outstanding activity and stability for HER. In 

particular, the electrochemical impedance spectroscopy (EIS) experiments and density 
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functional theory (DFT) calculations reveal that Mo edge terminated MoS2 and graphene 

show strong synergy for HER resulting in significant enhancement in the electron 

transfer to the reactants and desorption of intermediates from catalyst surface.  

2.2. Material Synthesis and characterizations 

2.2.1. CVD graphene Synthesis procedure and characterizations 

The three zone MTI CVD furnace (model OTF-1200X) with the added oil trap at the 

exhaust of the system was utilized to grow graphene film. Adding oil trap is to prevent 

the oxygen gas from diffusing back into the system during the growth procedure. The 

graphene film was grown on top of the cupper foil, purchased from Alfa Aesar Company 

(product no. 46365). Before the growth, the cupper foils were immersed inside of the 

10% diluted Hydrochloric acid (HCL) solution for 15 minutes to remove any oxidation 

from the cupper surface. Next, they were rinsed with Aceton and Iso Propanol (IPA) and 

dried with nitrogen (N2) flow. Then, the foils were placed into the 3.14” quartz tube and 

the furnace is evacuated to ~1 mTorr to remove unwanted gases from the system. The 

system was kept at vacuum pressure for 15 minutes and then it was pressurized to the 

atmospheric pressure with flowing the Argon (Ar) gas. The temperature of the furnace is 

increased to 1050 
o
C in 60 minutes while the diluted H2 and Ar gases was flown inside of 

the furnace with 165 sccm and 175 sccm respectively. Then the furnace was kept at this 

temperature for 60 and 90 minutes to grow partially covered graphene flakes and fully 

covered graphene film in that order. During this step 15 sccm methane gas is also flown 

to provide the carbon source for the graphene growth. Finally, the furnace is cooled down 
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to the room temperature by force cooling. During the force cooling process, Ar and H2 

gases were still flown. Figure 1 show the SEM images of the partially covered graphene 

flakes and fully covered graphene films. These images are acquired by the In-lense 

detector of a Carl Ziess electron microscope integrated in a Raith e-LiNE plus electron 

beam lithography system at 20 kV acceleration voltage and 10 mm working distance. 

 

Figure 1: SEM characterization of CVD graphene. (a) Partially covered graphene flakes. (b) 

Fully covered graphene film (scale bars 20 µm). 

The Acton TriVista CRS confocal Raman with 11 mw power and 0.5 µm spot size was 

utilized to get Raman spectra from the grown structures. The obtained Raman point 

spectra from the grown graphene flakes (figure 2) indicates IG and I2D Peaks which are 

the representative peaks of the graphene flakes. The ratio of these peaks (I2D/IG ) 

illustrates the number of the graphene layers[102] which in this case represents that the 

grown graphene flakes are single layer flakes.  

ba
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Figure 2: Raman characterization of CVD graphene. Raman spectrum with a 514.5 nm 

excitation laser wavelength obtained from single-layer graphene flakes.  

2.2.2. CVD 3D Structured MoS2 Synthesis procedure and characterizations 

 The 3D structured MoS2 was synthesized through a dual precursor CVD method 

with two separated zones to precisely control the temperature profile of the growth 

process. Two alumina crucibles, one containing 7 milligrams of MoO3 powder (Sigma-

Aldrich, 99.98%) and the other containing 1 gram of sulfur powder (Sigma-Aldrich, 

99.98%) were used as precursors for MoS2 growth. The sulfur crucible was placed in the 

upstream of the furnace where the maximum temperature reached 300
o
C, while the 

MoO3 crucible was located in the center of the tube with a maximum temperature of 

850
o
C. The MoO3 powder was uniformly dispersed inside of the crucible to produce a 

uniform concentration of MoO3 vapor all over the target substrate which was loaded 

upside down on top of the MoO3 crucible. Prior to running the temperature profile, the 

chamber was first evacuated down to 1 mtorr and then purged by argon flow to reach the 
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atmospheric pressure. During the growth process in atmospheric pressure, 200 standard 

cubic centimeter (sccm) of argon gas flowed in the chamber. In order to grow the 3D 

structured MoS2, independent two-stage temperature profiles (Figure 3) were applied to 

each zone to synchronize the evaporation time of the S and MoO3 powders to avoid the 

formation of intermediate structures. In more detail, the sulfur evaporation rate was 

sharply increased from 100
o
C to 300

o
C with rate of 10

o
C/min as soon as the temperature 

of the central zone reached 720
o
C. Afterwards, the central temperature was ramped up to 

850
0
C and was kept constant for 15 minutes. Finally, the furnace was cooled down to  

room temperature by natural air convection. During the cool down process, the sulfur 

evaporation continued for about 10 minutes after the MoO3 evaporation had stopped.  

 
Figure 3: CVD MoS2 temperature profile. Temperature profile for MoO3 and sulfur zone 

Figure 4a shows the low magnification SEM image of the 3D MoS2 structures. The 

atomic structure of the 3D MoS2 and its edge structure is also characterized by STEM 

and shown in Figure 4b. The STEM characterization was performed on a JEOL JEM-

ARM200CF, operated at 200 kV, equipped with an Oxford X-Max^N 100TLE silicon 
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drift detector (SDD) for energy dispersive X-ray (EDX) analysis. The results exhibit a 

multi-layered stacking of MoS2 nanosheets with Mo terminated edges along the (100) 

and (010) crystallographic planes which is similar to the previously reported edge 

terminations in mechanically exfoliated MoS2.[103] The corresponding fast Fourier 

transforms (FFTs) taken from a multi-layered area (inset of Figure 4b) shows sharp 

hexagonal benzene-like patterns indicative of highly crystalline 3D structures with 

epitaxial stacking of the MoS2 layers. 

 

Figure 4: SEM and STEM characterization of the 3D structured MoS2. (a) Low 

magnification SEM image from 3D structured MoS2 (scale bar is 15 µm). (b) Atomic-resolution 

ADF STEM image, showing the layered structure of the 3D crystals (scale bar is 3 nm). The inset 

shows the fast Fourier transform (FFT) obtained from the multilayer region in which the unique 

hexagonal pattern of MoS2 crystal implies the epitaxial stacking of the layers. 

X-ray Photoelectron Spectroscopy (XPS) Analyses were performed on a 

monochromatic Al Kα source instrument (Kratos, Axis 165, England) operating at 12 kV 

and 10 mA, for an X-ray power of 120 W. Spectra were collected with a photoelectron 

(a)

ba
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takeoff angle of 90° from the sample surface plane, energy steps of 0.1 eV, and a pass 

energy of 20 eV for all elements. All spectra were referenced to the C1s binding energy 

at 284.6 eV. The XPS results from the 3D structured MoS2 (Figure 5a) show standard 

Mo 3d5/2 (~229.0 eV) and S 2p3/2 (~162 eV) peaks consistent with the presence of Mo
IV 

and the S
2- 

present in MoS2 structures. The XPS spectrum without any peaks at ~236 (a 

characteristic for Mo
VI

) illustrates the absence of molybdenum oxides[104]. In addition, 

Figure 5b demonstrates Raman point spectra obtained from the 3D MoS2 structure up to 

800 cm
-1

. Results indicate that MoS2 characteristic peaks associated with E2g and A1g 

vibrational modes for 3D structured MoS2[105] without any other peaks up to 800 cm
-1 

which further supports the absence of oxides formation[62], [106]. 

 

Figure 5: XPS and Raman characterization of the 3D structured MoS2. (a) XPS spectra of 

the 3D MoS2 structure showing sulfur peak (Mo peak is shown in the inset).[104]. (b) Raman 

Spectra from 3D structured MoS2. 

The obtained EDX results (Figure 6) from the 3D structured MoS2 also reveal an 
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approximate composition of 32% Mo and 68% S, which is consistent with the 

stoichiometric ratio of MoS2. [107]  

 

Figure 6: EDX characterization of 3D structured MoS2. Representative EDX spectrum of 

MoS2 flakes. Inset: atomic percentage of the molybdenum and sulfur which is extracted from 

deconvolution of the molybdenum and sulfur EDX peak.[79] 

In order to visualize the layered construction of the CVD grown 3D MoS2, we 

quenched the CVD chamber by force cooling to rapidly reduce the temperature and 

terminate the growth of the top layers. High magnification SEM images of the resulting 

structure (Figure 7) not only show the layered construction of the 3D grains, but also 

reveal an epitaxial conformance between the layers, as evidenced by the parallel edges in 

the stacked layers. This is consistent with the FFT patterns of the atomic resolution 

images obtained from STEM.  
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Figure 7: SEM characterization of 3D structured MoS2. SEM image of the 3D structured 

MoS2 from a rapid cooling experiment (scale bar is 0.5 µm). 

  To gain insight into the growth mechanism of the 3D MoS2, we deliberately placed 

MoO3 powder (2.5 mg) in the corner of the crucible (Figure 8a) to visualize the transition 

from 2D to 3D MoS2.  An optical image of the grown structure on a Si/SiO2 substrate is 

shown in Figure 8b. Variation in the color spectrum of the sample corresponds to 

different concentrations and morphology of the MoS2 structures. Detailed morphological 

characterization was performed by optical and scanning electron microscopy (SEM) as 

shown in Figure 8c, in which the concentration increases as one moves from left to right. 

Starting from the low concentration side, initially small triangular MoS2 monolayer 

flakes appear on the substrate (Figure 8c-1). As the concentration increases, the flakes 

grow to larger sizes with some smaller MoS2 islands growing on top of the flakes (Figure 

8c-2). As shown in Figure 8c-3, the flakes keep growing in size, reaching together and 

making grain boundaries, meanwhile smaller MoS2 islands begin to grow in the out-of-

plane direction on top of the existing flakes. Next, the existing islands merge together 
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and eventually form a polycrystalline film with numerous islands of multilayer MoS2 

(Figure 8c-4). In higher concentration regions (Figure 8c-5), white lines representing 

thicker MoS2 structures appear on the polycrystalline film, which are believed to form 

due to higher local growth rate on the defect sites such as grain boundaries[108]. Moving 

to even higher concentration regions (Figure 8c-6), the grown structures rapidly convert 

to 3D granular structures with a high surface roughness and spatial heterogeneity. This 

abrupt and localized transition from the 2D to 3D structures resembles the Stranski-

Krastanov (SK) growth mechanism of thin films, in which the growth mode suddenly 

changes as the layer thickness exceeds a critical level[108]–[111]
. 

One possible 

explanation of such sudden transition can be the release of a residual strain induced by 

thermal and intrinsic stresses between the MoS2 and the substrate.  

 

Figure 8: MoS2 CVD setup, Optical and SEM characterizations of the different structures 

of MoS2. (a) Schematic of the MoS2 CVD setup. (b) Optical image of the grown structure on a 
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Si/SiO2 substrate. (c) Detailed optical and SEM images of MoS2 structures shown in b from right 

to left. (Scale bars in all optical images are 30 µm and in SEM images are 2, 15, 15, 10, 4, 4 µm 

from left to right, respectively). 

    To test this hypothesis, we performed Raman spectroscopy on the grown structures 

from monolayers to 3D structures (Figure 9). Interestingly, we observed that the peak 

positions of our multilayer films have 3 cm
-1

 positive shift relative to the bulk spectrum. 

This shift of spectrum is known to be indicative of an induced strain in the grown 

structure.[112] However, the peak positions of the 3D structured MoS2 shift back to the 

peak positions of the bulk MoS2, which implies the release of the induced strain. Here, 

we note that the difference in the positions of the E2g and A1g peaks is known to be 

dependent on the thickness of the MoS2 structure[105] which is changing from ~20 cm
-1

 

in single layer to ~25 cm
-1

 in our multilayer and 3D structures. This is independent of the 

observed blue shift in the multilayer spectra, which is due to the induced strain. 

 

Figure 9: Raman characterization of MoS2 from single-layer to 3D structure. Raman point 

spectra obtained from a monolayer flakes (red), multilayer MoS2 film (blue) and 3D structured 

MoS2 (black). 
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 Based on above discussions, we propose a dual-step Stranski-Krastanov mode for 

the growth of 3D MoS2. First, growth initiates from grain boundaries or ordered defects 

that have high surface energies. Next, the 3D structures form on the film with the 

thickness beyond the critical point in a less or more compact manner depending on the 

concentration of Mo and S (Figure 10). 

 

Figure 10: Optical and SEM characterization from 3D structured MoS2. (a) Optical image of 

multilayer MoS2 film from the region in which the 3D growth has not yet initiated. (b) SEM 

image of the region where the 3D growth is just initiated. Line type highly compact patterns of 

3D MoS2 grains similar to the topography of the grain boundaries represents that growth is 

favorable on the grain boundaries compared with the central parts of the MoS2 layers (scale bars 

are 15 µm).  

    We also synthesized uniform 3D MoS2 on (i) amorphous glassy carbon (GC), (ii) 

graphene covered GC and (iii) Si/SiO2 substrate (transferred to GC for electrochemical 

experiment). The glassy carbon and graphene substrates are intentionally selected due to 

their high conductivity, inert nature and wide applicability in various electrochemical 

ba
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systems[95], [113]. For easier characterization, we initially synthesized MoS2 on 

partially covered graphene flakes, which was then transferred to Si/SiO2. The SEM 

image of the directly grown 3D structures (Figure 11) illustrates that the growth is more 

compact on top of the hexagonally shaped graphene flakes compared to the bare Si/SiO2 

substrate. This is attributed to the presence of wrinkles and defects on graphene film 

which act as nucleation sites and accelerate the growth rate of the 3D structures[114]. It 

is worth mentioning that here we used partially covered graphene flakes to show the 

difference of the growth on top of graphene flakes compared to the bare Si/SiO2 substrate 

and fully covered graphene film is used for electrochemical experiments. 

 

Figure 11: SEM characterization of 3D structured MoS2 grown on graphene flakes and 

bare substrate. SEM image of the 3D structured MoS2 directly grown on top of partially covered 

graphene flakes transferred on SiO2 substrate (scale bar is 20 µm). The insets magnify the 3D 

MoS2 in same image as indicated by yellow (bare SiO2 substrate) and red (on top of graphene 

flakes) squares. 

 Figure 12 shows the Raman spectra of the 3D structured MoS2 on graphene film. 

The presence of the G and 2D characteristic peaks of graphene together with the A1g and 
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E2g peaks in the Raman spectrum confirms the growth of 3D MoS2 on top of the 

graphene flakes. 

 

Figure 12: Raman characterization of 3D structured MoS2/Gr heterostructure. Raman 

spectra of 3D MoS2 on top of graphene film with the G and 2D characteristic of graphene and the 

A1g and E2g peaks of MoS2. 

2.3. Conclusion 

An APCVD method is used to grow the 3D Structured MoS2 directly on CVD 

graphene. This method of synthesization allows for the large size, time and cost effective 

mass production of this heterostructure for industrial applications. The characterization 

confirmed the layered construction of the 3D Structured MoS2 which can provide many 

active edges for chemical reactions. Also, performing control experiments reveals that 

the growth of the 3D Structured MoS2 follows the Stranski-Krastanov growth mode in 

which the transition from 2D to 3D growth will happen after reaching to the critical 

thickness. 
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Chapter3: Electrochemical experiments and DFT calculations 

(Most of this chapter is entirely copied from my published paper with the following citation: 

A. Behranginia, M. Asadi, C. Liu, P. Yasaei, B. Kumar, P. Phillips, T. Foroozan, J. C. Waranius, 

K. Kim, J. Abiade, R. F. Klie, L. A. Curtiss, and A. Salehi-Khojin, “Highly Efficient Hydrogen 

Evolution Reaction Using Crystalline Layered Three Dimensional Molybdenum Disulfides 

Grown On Graphene Film,” Chem. Mater., p. acs.chemmater.5b03997, 2015.Please refer to the 

authors’ contributions in page iv in the beginning of this document for details of my 

contributions) 

3.1. Experimental details and results 

Cyclic voltammetry (CV) experiments are carried out for these catalysts and 

compared with platinum which is the most efficient catalyst known for HER. All 

experiments are performed at identical conditions using 0.5 M H2SO4 as the electrolyte. 

The current densities are normalized with respect to the geometrical surface area and 

reported based on RHE (reference hydrogen electrode) scale. As shown in Figure 13a, 

both MoS2 on SiO2 (transferred to GC) and directly grown on GC exhibit low onset 

potentials of 175 and 140 mV, respectively. Interestingly, the HER takes place at a much 

smaller onset potential (70 mV vs RHE) for the MoS2 on graphene sample. In particular, 

10 mA.cm
-1 

current density is achieved at ~100 mV overpotential. A similar HER current 

density was recorded at ~180 mV overpotential for the recently studied efficient 

thiomolybdate clusters.[101]   

Additionally, the linear part of Tafel plot for three different catalysts was studied to 

further explore their catalytic properties and HER mechanisms.
5,17

 In general, three 

elementary reaction steps that can control the rate of HER are: (i) adsorption of reactant 
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(H
+
) on catalyst active sites (Volmer step), (ii) intermediate formation (Had, Tafel step), 

and (iii) product desorption (Heyrovsky step) from active sites.
25–27

 

H
+ 

+ e
-  
 Had                   (Volmer, rxn 1)                               

Had
 
+ Had

 
 H2                       (Tafel, rxn 2)        

H
+ 

+ e
- 
+ Had

 
 H2            (Heyrovsky, rxn 3)                 

Tafel slops of 120, 40, and 30 mV.dec
-1

 are correlated to Volmer, Heyrovsky and 

Tafel step, respectively, as a rate determining step (RDS) for HER.
27

 The obtained Tafel 

slope and exchange current density for different studied catalysts are shown in Table 1 

and Figure 13b. The Tafel slop for MoS2 on graphene is ~41 mV.dec
-1

 proposing the 

Volmer-Heyrovsky (rxn 1 and 2) as a dominant mechanism and Heyrovsky step as a 

RDS[95], [101], [115]–[117]. Tafel slop for MoS2 on GC (~55 mV.dec
-1

) and transferred 

MoS2 (~68 mV.dec
-1

) also suggest similar mechanism with Heyrovsky step as a RDS. 

However, the calculated lower Tafel slope (~41 mV.dec
-1

) and higher exchange current 

density (18.2 µA.cm
-2

) for the MoS2 on graphene (Table 1) implies a remarkable 

improvement in the charge carrier mobility of the MoS2.  

Table 1: Extracted exchange current density for different tested catalysts: Extracted 

exchange current density of MoS2 grown on graphene, MoS2 grown on GC and MoS2 transferred 

to GC compared with Pt. 

Catalyst 
Intercept 

at η = 0 

Exchange current density 

(A.cm
-2

) 

MoS2 grown on graphene -4.74 1.82 × 10
-5

 

MoS2 grown on GC -4.95 1.12 × 10
-5

 

MoS2 transferred to GC -5.92 1.2 × 10
-6
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To further explore the reaction mechanism and effect of graphene in catalytic 

performance of MoS2, we performed binding energy measurement in 0.1M perchloric 

acid (HClO4) solution at potential ranging from -0.1 to 0.4 V vs Ag/AgCl with the scan 

rate of 10 mV.s
-1

 (Figure 13c). In principal, a lower over-potential corresponds to a 

higher binding energy at the constant current density[118], [119]. The binding energy 

measurement shows strong adsorption (lower over-potential) for Pt compared to MoS2 on 

graphene suggesting intermediate formations (Tafel step) as a RDS. This is consistent 

with Tafel slope of 33 mV.dec
-1

 measured for Pt (Figure 13b). However the desorption 

peak shows opposite trend where MoS2 on graphene exhibits higher desorption energy 

compared to Pt and MoS2 on GC. This further verifies the Heyrovsky step as a RDS 

where desorption of the produced species from the catalyst surface is known to be the 

rate determining step for the reaction[95], [101], [115]–[117]. Furthermore, the binding 

energy experiment shows strong adsorption and desorption (lower over-potential) for 

MoS2 in presence of graphene. We attribute this to an enhanced contact resistance 

between graphene and MoS2[82], [117], [120] which could boost electrons transfer 

toward active edge sites. 

We also performed electrochemical impedance spectroscopy experiments to study the 

charge transfer resistances (Rct) in the MoS2 catalyst with and without the graphene layer. 

In more detail, EIS experiments were performed inside the three-electrode 

electrochemical cell comprised of synthesized catalysts i.e., MoS2 grown on graphene 

and MoS2 grown on GC as a cathode, platinum (Pt) gauze 52 mesh (purchased via Alfa 
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Aesar) as the anode and Ag/AgCl (3M KCl, purchased from BASF) as the working 

electrode. The 0.5 M H2SO4 electrolyte was bubbled with pure H2 (99.99%) during the 

EIS experiments. The Nyquist plots were recorded at overpotential of 150 mV to ensure 

that the HER takes place on both catalysts (Figure 13d).An equivalent Randles circuit 

model was applied to calculate Rct value for each system (inset of Figure 13d). The MoS2 

on graphene exhibits much smaller Rct (~65Ω) compared to that of without graphene 

layers (>150Ω).  

Also, the Nyquist plot for different over-potentials e.g., 100, 150, 200 and 250 mV 

were recorded at a small (10 mV) AC voltage amplitude (to avoid the nonlinearity) and 

over a frequency range of 1 to 10
5
 Hz using a Voltalab PGZ100 potentiostat. Figure 14a 

and b show the recorded Nyquist plots at different over potentials for MoS2 grown on 

graphene and GC during HER. Results indicate a smaller charge transfer resistance[95], 

[121] at all over-potentials due to enhanced contact between MoS2 and graphene further 

supporting the results of binding energy measurements.  
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Figure 13: CV, TOF, Binding energy and Nyquist measurements. (a) Cyclic voltammetry 

curve for Platinum, MoS2 grown on graphene, grown on GC and Transferred to GC. (b) Tafel 

plot obtained for different catalysts. 3D MoS2 grown on graphene shows lower Tafel slop than 

that of grown on GC or grown on Si/SiO2 and transferred on GC. (c) Binding energy 

measurement for Pt, MoS2 on graphene and GC in 0.1M HClO4 solution. The results confirm 

higher adsorption and desorption energy for MoS2 on graphene at the constant current density 

compared to direct grown MoS2 on GC. (d) Nyquist plots collected from EIS experiments at 

overpotential of 150 mV for 3D MoS2 grown on graphene and GC, evidencing higher charge 

transfer rate for 3D MoS2 grown on graphene. An equivalent Randles circuit was fitted to the data 

to calculate Rct value for each catalyst system (inset). 
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Figure 14: EIS measurements. EIS results for MoS2 grown on (a) graphene covered GC, (b) GC 

substrate at different over-potentials. The Recorded Nyquist plot clearly shows the low charge 

transfer resistance (Rct) of MoS2 grown on graphene catalyst at all over-potentials resulting in a 

much faster electron transfer during HER. 

The turnover frequency is also calculated for different MoS2 catalysts using the 

roughness factor (RF) method[96]. The RF number of our catalyst is determined by 

comparing the double layer capacitor (Cdl) of this catalyst with flat standard MoS2 (60 

µF.cm
-1

). The CV experiment at different scan rates was used to calculate the Cdl of 

catalysts[122] (Figure 15a). The extracted Cdl values from the slope of current density-

scan rate graphs at +0.2 V (Figure 15b) are equal to 2.13 and 1.68 mF.cm
-1

 for MoS2 on 

graphene and GC, respectively. The calculated number of active sites for MoS2 on 

graphene (4.07×10
16

 sites.cm
-2

) is ~ 1.2 times higher than those of amorphous GC 

(3.21×10
16

 sites.cm
-2

).  
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Figure 15: Electrochemical measurements. Electrochemical measurement for determining 

TOF: (a) a cyclic voltammetry (CV) curve of MoS2 grown on graphene at different scan rates. 

The experiment was performed at 0.5 M H2SO4 electrolyte by sweeping potential between 0 to 

+0.3 V vs RHE (non-faradic region). (b) Current density of CV experiment at overpotential +0.2 

V vs RHE as a function of scan rates. The slope of this line shows double layer capacitor for 

MoS2 grown on graphene catalyst system (2.13 mF.cm
-2

).  

Moreover, the calculated TOFs for MoS2 on graphene show higher values at entire 

range of overpotentials (Figure 16a). In particular, TOF at 200 mV overpotential is > 4 

(s
-1

) which suggest a remarkable activity of the catalyst for HER. 

The stability of the MoS2/ graphene catalyst was studied during 1000 continues 

cycles of CV experiment. The cycles were performed between 0.1 V and -0.2 V with 100 

mV.s
-1

 scan rate. The magnetic stirring system and continuously bubbling of pure H2 

(99.99%) inside the solution were applied to eliminate mass transfer effect during the 

stability experiment. As shown in Figure 16b, approximately 5% current density decay at 

the over-potential of 0.15 mV confirms high stability of this catalyst during HER. 
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Figure 16: TOF at different current density and stability Tests. (a)  Calculated TOF at 

different current densities with respect to the over-potentials smaller than 200 mV. (b) Stability 

of MoS2 grown on graphene after 1000 continues CV cycles. This catalyst shows negligible shift 

(< 5%) of current densities for increased potential cycling.  

3.2. Density functional theory details and results 

Density functional theory calculations were carried out to study the catalytic 

properties of MoS2 and the support effect. Periodic DFT calculations were performed 

with plane wave basis sets in VASP package[123], [124]. Single-layer nanoribbons of the 

MoS2 with zigzag edges were used to truncate the 3D MoS2 structures in the experiments 

for the reaction free energies and density of states (DOS) calculations. Each unit cell 

includes 3 × 4 (total 12) Mo atoms and 24 S atoms, containing both the Mo and the S 

edges (Figure 17a).  
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Figure 17: Atomic configuration. Structures of (a) MoS2 nanoribbon (b) and (c) 

MoS2/Graphene. 

A 10 Å vacuum space is set both on top of the metal edge and between two 

nanoribbon periodic images. All the atoms in the MoS2 nanoribbon were allowed to 

relax, while the cell shape and volume were kept fixed. For graphene supported MoS2, 

the unit cell contains a 3 × 4 MoS2 nanoribbon on a graphene sheet containing 4 × 10 

graphene rings (Figure 17b). The atoms, the shape and the volume of the unit cell were 

allowed to be relaxed. A kinetic energy cutoff of 400 eV was used for all the 

calculations. K-points grids of 3 × 1 × 1 and 3 × 3 × 1 were used for the energy 

calculations of the MoS2 nanoribbon and MoS2/Graphene, respectively. On the other 

hand, K-points grids of 6 × 1 × 1 and 6 × 6 × 1 were used for the DOS calculations of the 

MoS2 nanoribbon and MoS2/Graphene, respectively. Γ-point was used for gas phase 

molecules. All the calculations with the nanoribbons are spin-polarized calculations.  

ba c
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After optimizations, the planar structure of the graphene became curved in 

MoS2/Graphene (Figure 17c), due to the strong adhesion of the Mo edge and graphene. 

The PDOS of the d electrons of the Mo edge atoms on both MoS2 and MoS2/Graphene 

were calculated (Figure 18).  

 

Figure 18: PDOS graph.  Partial density of states (PDOS) of the d electrons of the edge Mo 

atoms of MoS2 and MoS2/Graphene 

The results showed that the PDOS of MoS2/Graphene is slightly higher at the fermi 

level than that of MoS2. The hydrogen adsorption free energies were then calculated 

using the optimized MoS2 and MoS2/Graphene. In the calculations of the binding 

energies, we introduced the coverage of hydrogen [125] as a fraction of a monolayer 

(ML) with respect to the number of Mo edge atoms:  

θH(ML) = nH/(m edge Mo atoms) 

The binding energy of hydrogen was calculated by 
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∆EH = [E (nH adsorbed on the surface) - E (surface) – 0.5n E(H2)]/n 

and the binding free energy was calculated by 

∆GH = ∆EH + ∆EZPE -T∆SH 

where ∆EZPE is the zero-point energy difference between the adsorbed state of the 

system and the gas phase state and ∆SH is the entropy difference between the adsorbed 

state of the system and the gas phase standard state (300 K, 1 bar). The entropy of 

hydrogen adsorption was approximated as ∆SH ≈ 1/2(SH2° ) where SH2° is the entropy of 

gas phase H2 at standard conditions[125]. The results showed that the hydrogen binding 

free energies are sensitive to the hydrogen coverage (Figure 19).  

 

Figure 19: Hydrogen binding energy graph. Hydrogen binding energy changes as a function of 

hydrogen coverage. 
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At low coverages (< 0.5 ML), MoS2/Graphene showed a stronger hydrogen binding 

than MoS2, while at higher coverages (>0.5 ML), MoS2/Graphene showed a weaker 

hydrogen binding (Figure 19).The higher the coverage, the weaker the binding. This is 

similar with pure metal surfaces[125]. The negative hydrogen adsorption energies for 

both MoS2 and MoS2/Graphene indicate that formation of the adsorbed hydrogen, Had, is 

thermodynamically downhill (the Volmer step), while the second step of HER, the 

formation of H2, is the RDS. Thus, given the reaction follows the Volmer-Heyrovsky 

mechanism for the MoS2 systems, the calculated hydrogen adsorption energies confirmed 

the experimental study of the Heyrovsky step as the RDS. Furthermore, a weaker 

hydrogen adsorption leads to a smaller uphill energy change for the Heyrovsky step, 

which makes the reaction thermodynamically more favorable. Thus on MoS2 materials 

the highest coverage of hydrogen, 1 ML, is more likely in practice (Figure 20). 

 

Figure 20: Reaction free energies pathway graph. Reaction free energies pathways of HER on (a) 

MoS2/Graphene at different hydrogen coverages and (b) MoS2 and MoS2/Graphene 

Also, the relationship between the theoretical MoS2 hydrogen binding energy and the 

experimental HER exchange current density is studied in this work (Figure 21). Previous 
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studies of HER on pure metal surfaces[126] have suggested that the experimental 

exchange current density is directly correlated with the adsorption free energy of 

hydrogen (Figure 21). It is notable that the measured exchange current density of the bare 

Mo edge of MoS2 on graphene is higher than the previously reported MoS2/graphene and 

MoS2/Au(111), in both of which the Mo edges were sulfided. This suggests that the 

MoS2 with bare Mo edge synthesized in this study has unique catalytic properties, 

compared to previously studied systems.  

 
Figure 21: Activity relationship for HER. Activity relationship for the hydrogen evolution 

reaction (HER) showing the exchange current density as a function of the calculated free energy 

of hydrogen adsorption, ΔGH. The black points are experimental data of exchange current density 

and computational ΔGH [126]. The blue points represent measured rates on sulfided Mo edge of 

MoS2 nanoparticles on either Au(111)[127] or graphene[128] plotted at the calculated ΔGH[129]. 

The red points are the experimental data and the calculated ΔGH from this study, in which the 

ΔGH of bare Mo edge of MoS2 (without a support) was calculated to represent the MoS2 
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transferred onto glassy carbon, due to the weak interactions between MoS2 and the support. It 

was assumed that surfaces with negative ΔGH have high coverage (θH = 1 ML) and surfaces with 

positive ΔGH have low coverage (θH = 0.25 ML), where θH is defined as the fraction of a 

monolayer with respect to the number of edge metal atoms[128], [129]. Thus in this study we use 

the same assumptions for the coverages.  

3.3.Conclusion 

The electrochemical experiments reveal a considerable enhancement on the HER 

activity of the MoS2. The 3D Structured MoS2 grown on graphene film has shown lower 

onset potential and higher TOF compared to 3D structured MoS2 grown on GC and 

transferred to GC. DFT calculations has shown that the exchange current density of 

MoS2 with bare Mo edges on graphene is higher than previously reported MoS2 

structures with sulfide edges. The observed improvement is mainly attributed to the high 

number of active edge sites of 3D structured MoS2, enhanced charge transfer toward 

active edge atoms and optimized hydrogen binding energy due to the presence of 

graphene.  
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Chapter 4: Conclusion and future work 

In conclusion, a large-area crystalline 3D structured MoS2 is directly grown on top of 

the graphene film by an APCVD technique. The STEM and SEM characterizations 

illustrate that 3D structured MoS2 is a layered material. These characterizations confirm 

the epitaxial growth of this structure on top of the graphene film. Preforming control 

experiments and Raman study reveal that this structure grows based on the Stranski-

Krastanov mode. The growth of 3D structured MoS2 results in considerably increasing 

the active edge atoms compared to single-layer and bulk MoS2. Furthermore, SEM 

results have shown that more compact 3D structured MoS2 is grown on top of the 

graphene flakes than bare substrate. This results in having more MoS2 active edge sites 

on the graphene film with the same geometrical area. The CV experiments show an onset 

potential of 70mv, which is very close to the onset potential of the platinum, the best 

known catalyst for HER. The study of the Tafel slope, for the grown structure, has shown 

that the Volmer-Heyrovsky is a dominant mechanism of the reaction and Heyrovsky step 

is the rate determining step. Furthermore, electrochemical impedance spectroscopy 

studies illustrate that the charge transfer resistance for MoS2 grown on graphene film was 

much lower than MoS2 directly grown on glassy carbon and transferred to glassy carbon. 

Also, the turn over frequency of the 3D structured MoS2 grown on graphene is much 

higher than the other two tested catalysts. The stability test exhibits only 5% current 

density decay at overpotential of 15 mv proving the high stability of the grown structure. 

The DFT calculation has shown that the exchange current density for Mo terminated 
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edge 3D structured MoS2 grown on top of graphene film is higher than previously 

reported MoS2/Gr and MoS2 /Au (111) structures with sulfided Mo edges. The observed 

improvements is mainly attributed to a  high number of active edge sites of 3D structured 

MoS2, enhanced charge transfer toward active edge atoms and optimized hydrogen 

binding energy due to the presence of graphene. The ability to directly grow these 3D 

structures over a wide range of substrates enables ready assimilation of these new 

materials in any arbitrary platform for various energy conversion and storage 

technologies. 

For future studies, we are intended to continue this work in two separate phases: (i) 

testing 3D Structured MoS2/Gr heterostructure for other electrochemical applications 

such as oxidation and CO2 reduction reactions;(ii) synthesizing 3D structures of the other 

2D materials like WS2, which has higher electronegativity of the edge atoms (W) and 

lower work function compared with MoS2, making their heterostructures with graphene 

and testing them for different electrochemical applications. 
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