


 
 

ABSTRACT 

CVD Grown Graphene-Based Materials: Synthesis, Characterization 
and Applications 

by 

Lulu Ma 

Graphene draws a lot of attention due to its exceptional electrical, 

mechanical, thermal, optical and chemical properties.  However, its zero bandgap is 

a limitation for electronics applications and its two-dimensional (2D) nature is a 

limitation for large scale, volumetric and macroscopic applications.  Doping 

graphene with heteroatoms and creating graphene hetero-structures are two 

approaches herewith suggested to sidestep the above limitations.  The illustration of 

thus approaches begins with the chemical vapor deposition (CVD) growth of 

graphene in the form of either atomically thin films or 3D porous structures; which 

involves the synthesis of several structures such as nitrogen-doped graphene, 

graphene-carbon nanotube hybrids, in-plane graphene-boron nitride 

heterostructures, and graphene-molybdenum carbide hybrids. The analysis of 

impurities in CVD grown graphene at the atomic scale and the measurement of 

fracture toughness of graphene will then follow. Furthermore, the potential 

applications of as-synthesized materials like field emitters, supercapacitors, and 

catalysts for water splitting are discussed.
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Chapter 1 

Chapter 1 Introduction 

Isolated from graphite by mechanical exfoliation in 2004 by Andre Geim and 

Konstantin Novoselov [1] thus leading to an explosion of interest in nanoscience, 

graphene, a one-atom-thick sheet of carbon atoms with the hexagonal packed 

structure, is the building block for other allotropes including charcoal, carbon 

nanotubes and fullerenes.  This chapter briefly narrates the history of such a Nobel 

prize winning discovery, lays out its properties, explains its synthesis, expounds on 

its chemical modification, and elaborates on the its most common characterization 

techniques and applications. 

1.1. Brief History of Graphene 

Graphite as well as diamond and amorphous carbon have long been known 

as three forms of carbon in nature.  The earliest research of graphene can date back 

to 1840s when the German scientist, Schafhaeutl, performed the intercalation and 



 2 

exfoliation of graphite with strong acids [2], making the investigation on 

intercalation of graphite popular and the variety of intercalants and exfoliants 

worthy of investigation. In 1859 the British chemist B. C. Brodie modified the 

method reported by Schafhaeutl to recognize the highly lamellar structure of the 

reduced graphite oxide, which was an important derivative of graphene. [3-4] The 

structure of graphite was first revealed through powder diffraction by Kohlschütter 

and P. Haenni in 1918. [5] The theory of graphite was first developed by P. R. 

Wallace in 1947 who underpinned the band structure of graphene and indicated its 

unusual semi-metallic property. [6]Subsequently, the earliest transmission electron 

microscopy (TEM) images of few-layer graphite and single-layer graphene were 

observed. [7] Almost a century after Brodie’s studies, in 1962, Boehm et al. 

demonstrated that it was possible to synthesize reduced graphene oxide (GO) flakes 

with multilayers, and even single layers. [8]In the early 1970s chemists found a 

route to grow epitaxial single or multilayers of graphene on top of other metals. 

Thin graphite films consisting of multiple graphene layers using mechanical 

exfoliation in the early 1990s were then made, but the films were not completely 

exfoliated into desirable single layers and nothing thinner than 50 to 100 layers was 

achieved until 2004.   

Only viewed as an integral part of graphite materials, a perfect single-layer 

graphene crystal was presumed not to exist in the free-standing state. Peierls and 

Landau, roughly 80 years ago, pointed out the thermodynamic instability of the 

strictly two-dimensional (2D) graphene as a cause of its inexistence. [9] It was not 

until 2004 that the common wisdom was rebutted by the experimental discovery of 
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graphene by Andre Geim and Konstantin Novoselov. High quality single-layer 

graphene was obtained simply by repeatedly peeling the graphite flake with the 

adhesive tape until the thinnest flakes were found (see  section 1.3.1 for greater 

details), thus contributing to the exponentially growing graphene research.  

1.2. Properties of Graphene 

1.2.1. Structure and Electronic Property 

As a basic structure element for graphitic materials of all other 

dimensionalities (see Figure 1.1), graphene can be rolled up to 1D carbon nanotubes, 

wrapped into 0D fullerene or stacked into 3D graphite. Graphene possesses a large 

measured surface area of 2630 m2 g-1[10], and it has various types of edges and 

zigzag  among which armchairs are the most investigated. 

 

Figure 1.1 - Graphene is the building block for graphitic materials of all other 
dimensionalities. From left to right, they are fullerene,  carbon nanotube and 
graphite, respectively. Adapted from Ref. [11]. 



 4 

The honeycomb lattice of graphene consists of two equivalent carbon 

sublattices A and B (see Figure 1.2a). The sp2 hybridized carbon bonds in graphene 

consist of the in-plane σc-c bond and the out-of-plane π bond. The σc-c bond, between 

carbon atoms which are separated by 1.42 Å, is one of the strongest bonds in all 

allotropes. The  π bond brings about a delocalized network of electrons, responsible 

for the electron conduction of graphene. Monte Carlo simulations revealed that 

individual free-standing graphene layers are not strictly flat: they have “intrinsic” 

ripples with the out-of-plane deformation of about one nanometer (Figure 1.2b). [12] 

Theoretical studies suggested that ripples might be responsible for the structural 

stability of the single-layer graphene. These ripples can be engineered to alter the 

local properties of graphene for specific applications. Besides these ‘intrinsic’ 

ripples, the experimentally obtained graphene can have other ‘defects’ such as 

topological defects, vacancies, adsorbed impurities and so on. 

 

Figure 1.2 – (a) Schematic of the crystal structure, Brillouin zone and 
dispersion spectrum of graphene. (b) ‘Rippled graphene’ from a Monte Carlo 
simulation. Adapted from Ref [11-13]. 

a

b
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The structure flexibility of graphene is closely linked to its spectacular 

electronic properties. Graphene is a semi-conductor or zero-gap conductor, which 

stems from its special band structure. As shown in Figure 1.2a, the two cosine-like 

energy bands intersect at the K-point in the Brillouin zone, giving rise to two 

inequivalent points K and K’ in the reciprocal space. The charge carriers, which give 

graphene its unique nature, closely resemble relativistic particles and behave as 

massless Dirac fermions rather than nonrelativistic quantum particles described by 

the usual Schrödinger equation. [14] As a result, the K and K’ points are called Dirac 

points at which the density-of-states is zero thus explains why graphene can be 

considered a zero-gap semiconductor. The electronic structure of graphene varies 

with the number of layers for the number of layers, single-, double- and few- (3-10) 

layer graphene informs the number of conductive electrons.   

 Owing to the absence of the bandgap, graphene shows an ambipolar electric 

field effect  for which the charge carriers can be tuned continuously between 

electrons and holes in concentrations as high as 1013 cm−2 with their room 

temperature mobilities larger than 15, 000 cm2V−1s−1. The observed mobilities rely 

weakly on the temperature, indicating that an ultrahigh mobility can be achieved in 

graphene at room temperature. Recently, an ultrahigh room-temperature electron 

mobility of 2.5 × 105 cm2 V-1 S-1 was observed in the multilayer epitaxial 

graphene.[15] 
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1.2.2. Mechanical Property 

To date, the mechanical properties of monolayer or few-layer graphene 

including the Young’s modulus and fracture strength have been explored both 

theoretically and experimentally. [16-22]The pioneering mechanical testing of 

graphene has been performed by nanoindentation of free-standing monolayer 

graphene membranes in an atomic force microscope (AFM). A Young's modulus of 

1.0 TPa and intrinsic strength of 130 GPa of the mechanically exfoliated graphene 

were reported (Figure 1.3). [23] A mean elastic modulus of 0.25 Tpa was measured 

from the chemically reduced graphene oxide via a similar AFM indentation 

technique. [24] Recently, a comparable elastic stiffness and intrinsic strength were 

also measured for CVD grown polycrystalline graphene. [25] The remarkable 

mechanical properties of graphene result in an explosion of investigation of 

graphene-reinforced polymer matrix composites. [26-27] A low graphene addition 

of ~ 1% to Poly(methylmethacrylate) (PMMA) can contribute to increases of 80% in 

elastic modulus. [27] 
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Figure 1.3 - (a) SEM image of a large graphene flake spanning an array of 
circular holes. Scale bar, 3 μm. (c) Schematic diagram of nanoindentation on 
graphene membrane. Adapted from Ref. [23]  

1.2.3. Optical Property 

Graphene was theoretically predicted to possess an absorbance of about 2.3% 

in the infrared-to-visible spectral range as a result of its unique electronic structure. 

[28-30] Later, the experimental observation on the single-crystal graphene showed 

an opacity of ~ 2.3 % in the visible range, consistent with the prediction within a 

model of noninteracting massless Dirac fermions. [30-31]And, the transparency 

linearly decreased with the increase in the number of graphene layers as shown in 

Figure 1.4. However, for photon energies lower than 0.5 eV, the transparency would 

not follow this ‘universal behavior’, which is caused by the finite temperature and a 

doping-induced intraband transition. [30] 
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Figure 1.4 – (a) Photograph of a 50-μm aperture partially covered by graphene 
and its bilayer. The line scan profile shows the intensity of transmitted white 
light along the yellow line. Inset shows that A 20-μm-thick metal support 
structure has several apertures of 20, 30, and 50 μm in diameter with 
graphene crystallites placed over them. (b) Transmittance spectrum of single-
layer graphene (open circles). Inset shows the transmittance of white light as 
a function of the number of graphene layers. 

1.3. Synthesis of Graphene 

Graphene has been synthesized by various methods such as mechanical 

exfoliation, liquid and thermal exfoliation, epitaxial growth and chemical vapor 

deposition (CVD) growth shown in the Figure 1.5. [1, 26, 32-46] In the following 

different synthesis methods will be discussed. 
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Figure 1.5 – Summary of Graphene synthesis. (a) Graphene on an oxidized Si 
wafer exfoliated by the scotch-tape technique. [Courtesy of Graphene 
Industries Ltd.] (b) Graphene diserpersion obtained by ultrasound exfoliation 
of graphite in chloroform. (c) Graphene layers grown on the silicaon carbide 
wafer. (d)The first graphene with one to five layers grown on Ni and 
transferred onto a Si wafer.  Adapted from Ref. [1, 30, 35, 47-49] 

1.3.1. Mechanical Exfoliation  

Single-layer graphene samples were first isolated by the mechanical 

exfoliation technique in 2004. [1] Graphene was peeled off from the graphite with a 

scotch tape and transferred onto the desirable substrates for specific applications. 

This simple approach can produce the highest quality of samples which has been 

highly recognized. However, the exfoliated graphene sheets possess a variety of 

weaknesses. For example, they are commonly limited to the size of tens of 

micrometers and have irregular shapes. Furthermore, the number of the graphene 

a

c

b

d
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layer exfoliated is hard to control using this method. The graphene yielded by this 

method is unfavorable for the large-scale technical applications.  

1.3.2. Chemical Exfoliation 

Besides graphite, graphite oxide was also utilized as the source of graphene 

for the chemical exfoliation method. The water dispersible graphite oxide can be 

produced by chemically modifying graphite via one of three primary methods 

proposed by Brodie,[3] Hummers, [32] and Staudenmeier, [50] or some modified 

methods. Brodie and Staudenmaier oxidized graphite using a combination of 

potassium chlorate and nitric acid, while Hummers used potassium permanganate 

and sulfuric acid to treat graphite. Graphite oxide can be exfoliated by sonication in 

many solvents and be able to disperse excellently in water. [51] Graphite oxide is a 

layered structure consisting of oxidized GO sheets but its color is much lighter 

graphite owing to the loss of electronic conjugation caused by the oxidation. GO is 

known to be the derivative of graphene, which consists of oxygenated groups, with 

epoxy and hydroxyl functional groups present in the basal planes, carbonyl, and 

five- and six-membered-ring lactol functionalities attached to the edges (shown in 

the Figure 1.6). [52] The presence of these functionalities disrupts the π-conjugation 

network in graphene, thus making GO insulating, remarkably hydrophilic, and 

analogously chemically reactive.  
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Figure 1.6 - (a-b) Structural models of GO sheets, taking into account the five- 
and six-membered lactol rings (a), ester of a tertiary alcohol, hydroxyl, epoxy 
and ketone functionalities. Figure reprinted with permission from Ref. [52].  

Reduction of GO is expected to remove the functionalities and rehybridize 

the sp3 carbon atoms to sp2 carbon, making it aromatic and defect-free. Until now 

GO sheets have been reduced by several reducing agents including hydrazine, [53] 

hydroquinone, [54] sodium borohydride [55-56] and ascorbic acid.[57] The 

chemical exfoliation approach is cost effective and massively scalable (Figure 1.7). 

The thermal annealing was also reported for the reduction of GO to produce 

reduced single- and few-layer graphene sheets. [58]Recently, a complete reduction 

and thermal treatment has been developed to produce highly soluble and 

conductive graphene, with effective restoration of π-conjugation. [52] Only small 

amounts of impurities remain in the final product (less than 0.5 wt% of sulfur and 

nitrogen, which is less than about 3 wt% of other chemical reductions). However, 

the quality yielded via this method is still not appropriate for devices since a 

number of defects and impurities still remain in the graphene.  
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Figure 1.7 – Schematic illustration of chemical exfoliation. 

1.3.3. Epitaxial Growth 

Graphene has also been synthesized from the high temperature reduction of 

silicon carbide by the epitaxial method.[33, 37, 59] At the high temperature in the 

ultra-high vacuum the surface layers of silicon carbide crystals undertake thermal 

decomposition, namely, silicon atoms desorb and the remaining carbon atoms on 

the surface rearrange and form epitaxial graphene (Figure 1.8). The epitaxial 

method produces few-layer high-quality graphene sheets. However, the quantum 

Hall effect is absent in the high-mobility epitaxial graphene. [47] Moreover, 

achieving large graphene with uniform thickness remains a challenge and substrate 

bonding could strongly affect the electronic properties of graphene layers. The 

epitaxial growth of graphene on transition metals has also been reported,[36] which 

yielded a larger size of graphene in a controlled, layer-by-layer fashion. However, 

Graphite flake

Brodie, Hummers

Mild Ultrasonication

GO Solution

RGO

Staudenmaier
Graphite oxide

Reduction
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expensive substrates and harsh growth conditions used for epitaxial growth of 

graphene largely limit its use for large-scale applications. 

 

Figure 1.8 – Schematic illustration of the epitaxial growth of graphene. 

1.3.4. CVD Growth 

The large-area uniform graphene films of single to few-layer graphene can be 

grown on different metal substrates using gas, solid and liquid precursor using the 

CVD method. [39, 41-42, 44, 60] The carbon isotope labeling clearly demonstrated 

that the growth mechanism is based on either surface catalytic adsorption or 

surface segregation of carbon dissolved in the bulk of metals shown in the Figure 1.9. 

[61-62] The production of tens of square meters of graphene film has been 

developed by industrial-scale roll-to-roll CVD method, allowing for the possibilities 

of the commercial production of large-scale transparent electrodes.  
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Figure 1.9 – Schematic illustration showing different growth mechanisms. 
Adapted from Ref.[61]. 

Since CVD-grown graphene is typically polycrystalline with many grain 

boundaries, which impede electron transport,[63-66] the greatest challenge is to be 

able to gain control of the early stages of nucleation and growth of graphene, and to 

ultimately create large single crystalline graphene domains. The solution could be to 

create nucleation sites situated far enough from each other and to grow the single 

crystalline domains appropriately fast, so that no additional nucleation sites can 

emerge. [63]  

Recently, it has emerged as an intense interest for materials scientists to 

grow large-size single crystalline graphene using CVD. [62-64, 66-71] 

Electrochemical polishing and high-pressure annealing can be used to improve the 

quality of the copper foil and accordingly suppress graphene nucleation site density. 
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Large single-crystal hexagonal single-layer graphene domains (~ 4.5 mm2) were 

achieved (see Figure 1.10), [62] and show a mobility of positive charge carriers of ~ 

11,000 cm2 V-1 s-1 at room temperature.  Also, a wafer-scale (~ 5 cm in diameter) 

wrinkle-free single crystalline single-layer graphene grown on silicon wafer using a 

hydrogen-terminated germanium buffer layer was reported. [72] 

 

Figure 1.10 - Typical optical and scannning electron microscope (SEM) images 
of large-size (2.3) nm sigle crystalline graphene domains on Cu. Adapted from 
Ref. [62]. 

Other shapes of single crystalline graphene domains have also been grown 

such as hexagonal,[62, 66-70, 73] rectangular, [71, 74] triangular, [75] and dendritic 

shapes. [67], [76] Theoretical work explains that hexagonal graphene domains form 

under kinetic control conditions because the zigzag edges grow slowest on Cu 

substrates in vacuum. [77] Under etching, the kinetically controlled island shape is 

determined by the fastest-moving edges, producing peculiar dodecagonal crystals. 

[75] Lower-symmetry shapes of graphene islands, such as triangular or elongated, 

can also arise due to symmetry relations between graphene and the underlying 

metal surface. [78] Recent experimental and theoretical work discovered that 
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oxygen on the copper surface was able to accelerate growth of large-size single 

crystalline graphene domains as well as shift the graphene domain shape from 

hexagonal to dendritic. [79]  

Another challenge for the CVD growth of graphene is its transfer from the 

preferred metal substrates to a desired substrate, [60] which causes unexpected 

cracks, folds and ridges which decreases graphene quality. Toward this end, a face-

to-face transfer method for wafer-scale graphene films was reported, which could 

take advantage of nascent gas bubbles to form capillary bridges, so that graphene 

stays attached to the substrate while the copper is removed. [80]  

Despite considerate efforts to explore the horizontal morphologies of 

graphene, there is increasing interest in the vertical features of graphene including 

stacking configuration and thickness, such as single- and bi-layer graphene. [41, 45, 

81-86] Graphene is known to have a zero band gap, but bi- and tri-layer graphene 

have tunable band gaps depending on their interlayer stacking configurations, 

allowing for broad applications in electronic devices. For example, bilayer graphene 

sheets can be AB- (Bernal) or AA-stacked and trilayer can be mostly stacked in ABA 

and ABC configurations. The CVD growths of large-area uniform Bernal-stacked bi-, 

tri- and tetralayer polycrystalline graphene films were produced through a precisely 

tuned total pressure and methane/hydrogen gas ratio. [84] Recently, the synthesis 

of large hexagonal Bi- and Tri-layer graphene single crystals with 0º (Bernal 

stacked) or 30º interlayer rotations was reported. [87] 
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1.3.5. Graphene with Specific Structures 

Though considerable effort has been made to grow large-size graphene, there 

is growing interest in breaking the atomic structures within the graphitic materials 

to create graphene components with special shapes, sizes and edge structures. [88-

89] For example, controlled nanocutting of graphene into pieces with specific edge 

configuration, using nickel nanoparticles as a knife which was driven by catalytic 

hydrogenation of graphene lattice, was reported.[90] Besides metal nanoparticles, 

nonmetal SiOx nanoparticles were also used to tailor graphene into regular pieces 

with smooth edges. [91]  

The graphene nanoribbon (GNR) is an ultra-narrow strip of graphene. It has 

been predicted that GNRs with zigzag edges are metallic, whereas armchair edges 

can make GNRs either metallic or semiconducting depending on their width. The 

bulk production of high-quality GNRs with the length of <20-30 µm and widths of 

20-300 nm using the CVD method has been reported. [92] GNRs could be also 

produced by unzipping CNTs by solution-based oxidative processes and plasma 

etching, [93], [94] which gives better control over the chemical functionalization and 

quality of the edges. A mechanical sonication of gas-phase oxidized MWNTs in 

organic solvent has also been reported to be able to make high-quality GNRs.[95] 

Recently, the unzipping of CNTs was reported using spherically shaped CNT pellets 

as bullets to shoot at an aluminum target at a velocity of 5.9 km/s. A large number of 

defects were generated in the nanotubes, as well as rapid atom evaporation, which 

led to the nanotubes unzipping along the axis. [96] In addition to the methods 
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mentioned above, an exciting bottom-up method has been reported for producing 

high-quality GNRs of different geometries and widths using surface-assisted 

coupling of molecular precursors into linear polyphenylenes with subsequent 

cyclodehydrogenation. [97-98] 

Graphene quantum dots (GQDs) with nanometer sizes have been fabricated 

from a variety of graphitic materials including graphite,[99] fullerene,[100] CNTs, 

[101] graphene, [102] carbon fibers,[103] and even coal, containing crystalline 

carbon within its structure,[104] based on acid treatment and chemical exfoliation. 

GQDs were produced by oxidation cutting of carbon fiber in the size range of 1-4 nm 

with zigzag edge structure dominance, showing the tailored photoluminescence 

through changing the size of GQDs (see Figure 1.11).[103]  

 

Figure 1.11 – (a) Schematic of oxidation cutting of cabron fiber into GQDs. (b) 
TEM images of GQDs, inset of (b) is the high resolution TEM (HRTEM) of GQDs. 
(c) AFM image of GQDs. (d) HRTEM image of the edge of GQD, inset is the 2D 
fast Fourier transform of the edge in (d). Reproduced with permission from 
ref. [103]. Copyright 2012 American Chemical Society. 
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1.4. Chemical Modification and Structure Engineering 

Graphene draws worldwide attention due to its remarkable electrical, 

mechanical, thermal, optical and chemical properties. However, it is worth 

mentioning that pristine graphene itself has a zero bandgap and inertness to 

reaction, which largely limit its use in electronics. As a consequence, a large amount 

of attempts have been made to modify graphene including surface modification and 

bandgap opening of graphene by doping. [27, 105-111] Besides, the 2D 

configuration of graphene does not allow large scale applications where 

macroscopic volume and/or weight are needed. To address this issue, the graphene 

sheets can be integrated into advanced 3D multifunctional architectures for 

practical macroscopic applications.  

1.4.1. Chemical Modification 

When the intrinsic properties of graphene alone do not meet the 

requirement of various applications, chemical modification creates a new interest 

area that involves altering the surface chemical properties and electronic properties 

of graphene. 

1.4.1.1. Functionalization of Graphene 

Owing to those chemical moieties, GO has been studied as the starting 

material for production of chemically functionalized graphene. [26-27, 112-120] GO 

is nonstoichiometric and inhomogeneous with a mixture of regions that are pristine 

and densely decorated, which is difficult to have precise chemical control of its 
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functionalities. In this respect, a stepwise reduction of GO using a gas-based 

hydrazine was developed, to selectively improve the chemical homogeneity of 

GO.[121] The carbonyl groups are the easiest to remove and the tertiary alcohol 

takes the longest to be completely removed from GO surface. This method 

contributes to a progressive tuning of the optical gap from 3.5 eV down to 1 eV.  

Graphane is a stoichiometric derivative of graphene, which is a fully 

saturated hydrocarbon derived from graphene, with formula CH. Theoretical work 

first foresaw the presence of graphane with all of the carbon atoms in the sp3 

hybridization instead of sp2 hybridization of pristine graphene, leading to a 

conversion to an insulator from metallic. [105] This theory was proven 

experimentally by exposing graphene to cold hydrogen plasma, which was 

generated from a remote discharged low-pressure hydrogen-argon mixture. The 

hydrogenation process is reversible, so that graphane can be converted back to 

graphene by annealing, without any changes in structure or properties. 

Thanks to the strong carbon-fluorine bond, fluorinated graphene has been 

considered as a more stable graphene derivative candidate for graphane. 

Fluorographene, the fully fluorinated graphene with fluorine atom attached to each 

carbon has been synthesized by exposing graphene to atomic F formed by 

decomposition of xenon difuloride. [108] Instead of possible fluorination in plasma 

as used for hydrogenation of graphene,[105] this method circumvented the 

potential damage due to ion bombardment, The as-synthesized fluorographene is a 

high-quality insulator with an optical gap of 3 eV and inherits the good mechanical 
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strength of graphene with a Young’s modulus of 0.3 TPa and strains of 15%. A 

methodology of synthesizing highly fluorinated GO (FGO) by oxidizing the basal 

plane of fluorinated graphite, allowing for tunable hydrophobicity of GO, was also 

reported (see Figure 1.12). [122]  FGO was found to be able to serve as a 

magnetically responsive drug carrier (magnetic resonance imaging and photophilic 

contrast agent), under preclinical settings, as a type of photothermal therapy. [123]  

 

Figure 1.12 - (a) Schematic showing the reaction involved in the synthesis of 
both FGO and HFGO. (b-c) Photographs of HFGO (b) and FGO (c) in water. (d-e) 
TEM images of (d) HFGO and (e) FGO. (f-g) Structural models of FGO (f) and 
HFGO (g). Adapted with permission from ref. [122]. Copyright © 2014 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. 

1.4.1.2. Substitutional Doping 

Since graphene has zero-bandgap, various methods have been developed to 

modify and open its band structure in order to make it a potential material for high-
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performance electronic devices. In addition to the synthesis of the bilayer graphene 

with different interlayer rotation, one of the most feasible methods to open up the 

band gap is doping, which could be used to control the electrical properties of 

graphene. Boron B and nitrogen N have been known to be able to substitute for 

carbon atoms in graphene, which act as electron acceptor and donor, respectively. 

Experimental and theoretical studies show that substituting carbon atoms by B and 

N render graphene p-type and n-type semiconducting, respectively. [124-128] B and 

N atoms can be in-situ doped into graphene homogeneously during graphene 

synthesis. N-doped graphene sheets have been synthesized via CVD using ammonia 

or acetonitrile as N precursors, [129-131] through thermal annealing of GO in 

ammonia, [107] or arc discharge. [132] In addition to N-doped graphene, B-doped 

graphene has been produced by arc discharge using graphite electrodes in the 

presence of hydrogen and diborane, or using boron-stuffed graphite electrodes. 

[132] 

Besides heteroatoms B and N, atoms such as sulfur and phosphorus have 

been predicted to be able to dope graphene based on theoretical calculations. [133] 

The CVD growth of large-area sulfur-doped graphene on copper substrate has been 

reported by using liquid organics (hexane in the presence of S) as the precursor.  

[111]  Recently, a low-temperature method toward the synthesis of large-area 

heavily N and S co-doped graphene on copper foils was reported, which is based on 

a free radical reaction using polyhalogenated aromatic compounds. [134]  
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In addition to N-doped graphene sheets, there were many theoretical and 

experimental studies of N-doped GQDs and GNRs. [107, 135-138] N-doped GNRs 

have been synthesized by CVD using pyrazine as a N precursor [138] or through 

high-power electrical annealing in ammonia. [139] N-doped GQDs have been 

prepared by an in-situ electrochemical approach using N-containing 

tetrabutylammonium perchlorate in acetonitrile as the electrolyte. This approach 

could create N-doped GQDs continuously by cyclic voltammograms scanning over a 

potential window of ±3.0V. [136]  

It is very interesting to dope B and N into graphene lattices at the same time 

to form a variety of semiconducting layered structures with variable stoichiometry 

[140-142] as well as a tunable bandgap, in terms of their contrasting electronic 

properties. B and N co-doped carbon materials started with graphite. [140-141] 

graphite with the composition BxCyNz was synthesized from the interaction of boron 

trichloride, acetyloride, acetylene and ammonia at 400-700 °C. Each graphene layer 

in the structure is B and N co-doped. The material of approximate composition 

B0.35C0.30N0.35 is a semiconductor. When the composition of B, N substitution in 

graphene reaches 100 atom %, it will yield graphene-like materials hexagonal boron 

nitride (h-BN), so-called “white graphene”. It is very important to mention that there 

is a growing interest in the synthesis of h-BN, so-called “white graphene”. h-BN has 

similar crystal structures with a lattice constant difference of only 2%. However, 

unlike graphene, the single-layer h-BN is a dielectric with a wide bandgap of ~5.9 

eV. The CVD synthesis of h-BN films consisting of two to five layers, was reported. 

[143]As-synthesized h-BN shows a large optical energy bandgap of 5.5 eV and 2D 



 24 

elastic modulus in the range of 200-500 N/m. Figure 1.13 shows a schematic of 

pristine graphene, B- and N- doped graphene, B, N co-doped graphene and h-BN. It 

has been demonstrated that B-N and C-C bonds tend to segregate in the BNC 

systems.[144] Recently reported was a CVD growth of B and N co-doped atomic 

monolayers consisting of hybridized domains of h-BN and graphene (h-BNC) using a 

mixed methane and ammonia borane source. [145] The atomic ratio of B, C, and N 

can be tuned with the atomic percentage of C ranging from 10% to 100%. The 

domain size could reach ~ 42 nm at 50 at. % C, introducing a gap of 18 mV.  

 

Figure 1.13 - Schematic of pristine graphene, B- and N-doped graphene, B, N 
co-doped graphene and h-BN. [146] 

1.4.2. Structure Engineering of Graphene 

Although a large number of graphene-based macrostructures in different 

forms have been produced, there is still a challenge in realizing the full potential of 

the individual “nanoblock” components while constructing the macroscopic 
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structures. [147] The covalent linkage between individuals is a recipe which can 

bring out the best in individuals for macroscopic structures. 

As discussed above, graphene can be chemically modified by incorporation 

with polymers or precursor resin matrices in order to make 3D reinforced 

composites since their discovery.  [26-27, 148-149]They act as matrix modifiers, 

providing multifunctional attributes to the matrices. Graphene has high surface-to-

volume, which allows for graphene potentially more promising for changing all 

matrix properties. [26-27] 3D graphene nanocomposites were explored by 

incorporating functionalized graphene sheets with various polymer hosts including 

poly(methyl methacrylate), poly(acrylic acid), polyacrylonitrila and polystyrene. 

[27, 148] Also reported, was the production of 3D networked GO and FGO structures 

(noted as poly-GO and poly-FGO), which resulted from the polymerization of 

individual GO or FGO sheets with conventional polymer monomer (see Figure 1.14). 

[150] In this approach, glutaraldehyde (GAD) was used to make crosslinked GO or 

FGO structures. The as-synthesized 3D networks with highly porous interconnected 

structures show high CO2 gas adsorption capacity.  
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Figure 1.14 - (A-C) Schematic of the poly-GO synthesis process from initial GO. 
For a more detailed process see ref. [150].  (D-E) SEM images of poly-GO (D) 
and poly-FGO (E).  Reproduced with permission from ref. [150]. Copyright 
2013 American Chemical Society. 

1.5. Characterization Techniques 

The properties of graphene are strongly related to its structures. For instance, 

the various number of the graphene layer may lead to the remarkable difference in 

their electronic properties. [11] Therefore, an easy and quick way of identification 

and counting of graphene layer before any further study is in great need, especially 

the monolayer graphene, which is hard to be seen in an optical microscope on most 

substrates. To date, a variety of techniques have been utilized to characterize 

graphene including optical microscopy, AFM, Raman spectroscopy and scanning 

TEM (STEM). 
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1.5.1. Optical Microscopy and AFM 

Graphene can be visible using optical microscopy if transferred on specific 

oxidized Si substrates with a finely tuned thickness of the oxide layer (typically, 300 

nm SiO2). [151] The reason of visibility is, in this case, that a monolayer can increase 

the optical path of reflected light to change the interference color with regard to the 

empty substrate. [1, 152] However, this visibility cannot distinguish clear variations 

in the number of graphene layers. As a consequence, several methods were 

developed to improve the image contrast of graphene including selecting narrow 

band illumination and reflection and contrast spectroscopy.[151, 153-154] A total 

color difference method was proposed for rapid and accurate identification of 

graphene layers by optical images according to a combination of reflection spectrum 

calculation and International Commission on Illumination color space. [155] 

AFM is a very common method to identify the thickness or layers of films. 

However, it possesses a very slow throughput when performed for the high-

resolution imaging. [152] Furthermore, an unexpected chemical thickness (0.5-1 nm) 

attributed from the chemical contrast between graphene and the substrate makes it 

hard to distinguish between one and bilayers by AFM. [152] 

1.5.2. Raman Spectroscopy 

 Raman spectroscopy has been a very powerful tool broadly used for 

studying and characterizing sp2 carbon materials and emerged as an unambiguous, 

high-throughput, nondestructive technique to evaluate the quality and thickness of 
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graphene samples. [156] The major features, D peak at ~ 1350 cm-1, G peak at ~ 

1580 cm-1, and G’ peak at ~ 2700 cm-1 recorded in the Raman spectra, reflect the 

changes in the electronic structure and electron-phone interactions for single-, bi- 

and few-layer graphene, which are used to determine the number of graphene 

layers.  The G peak is the only peak arising from a normal first order Raman 

scattering process in graphene and G’ peak is the second prominent peak always 

observed in graphitic samples. In the disordered samples or at the edge of graphene, 

the D peak is usually observed which is induced due to the disorder. Because the G’ 

band peak is at about half of the frequency of the G’ peak, the G’ peak is also called 

the 2D peak. The G’ peak happens due to the doubly degenerate zone center E2g 

mode at the Brillouin zone center.[157] Both of G’ and D peak arise from a second-

order process while the G’ peak is allowed in the second-order Raman spectra of 

graphene without any kind of disorder or defects.  

As shown in the Raman spectra of graphene with different layers in Figure 

1.15, the D peak indicates the presence of the defects in graphene. For monolayer 

graphene, the G’ band at room temperature exhibits a single Lorentzian feature with 

a full width at half maximum (FWHM) of ~ 24 cm-1. What is remarkable about the 

spectrum of monolayer is the large intensity of the G’ band relative to the G-band 

(>3 times). For the bilayer graphene, the intensity ratio of the G’ to G peak is ~1. 

When the number of the graphene layers goes up to 3, the intensity ratio will be less 

than 1.  
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Figure 1.15 – Difference in Raman spectra of graphene samples with different 
layers. Adapted from Ref [42]. 

1.5.3. STEM 

The properties of graphene strongly depend on its structure. The presence of 

grain boundaries in the polycrystalline graphene would affect its electronic, 

magnetic, mechanical and chemical properties. [39, 158-164] For instance, the grain 

boundaries largely degraded the electronic mobility of graphene.[39, 159-161] 

Therefore, it is essential to study grain boundaries for better understanding of 

graphene as well as enhanced properties for various applications. However, the 1D 

configuration of grain boundaries in 2D graphene brings a challenge for the 

characterization using the common techniques.[65] Currently, the annual dark field-

STEM (ADF-STEM) technique was exploited to directly determine the grains and 

grain boundaries in the polycrystalline graphene as shown in the Figure 1.16. 

G’
G

D
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Figure 1.16 – Atomic-resolution ADF-STEM images of graphene. Adapted from 
Ref [64]. 

1.6. Applications of Graphene 

Graphene has numerous remarkable physical and chemical properties, which 

offer it potential applications for the future. Table 1.1 shows the most widely used 

currently proposed and somewhat developed applications. Graphene is attractive 

for composite materials due to its excellent mechanical and chemical properties. 

They have been integrated into polymers to make light, stiff, and strong composites. 

[26-27, 165] The graphene-enhanced composites were used to make the bicycle 

race wheels and tennis recently. The improved spoke-hole strength and lateral 

stiffness were reported in the bicycle race wheels made from graphene-based 

composites. 
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Table 1.1 – Applications of graphene. Ref. [146] 

One of its most remarkable applications is electronic and optoelectronic 

devices. Graphene-based transistors have been considered and intensely developed 

as the alternative for silicon-based high-frequency transistors. Recently, a 67nm 

channel-length graphene transistor with a cut-off frequency of 427 GHz has been 

reported, which approaches the best value of silicon-based transistor 

applications.[166] However, more effort is still needed to improve the maximum 

oscillation frequency, which is far from that of high-frequency silicon transistors 

(330 GHz).  

Another important application of transistors is the logic switch. For such 

applications, the transistor works in the saturation region (On state) and cut-off 

region (Off state). This is significant different from the transistor oscillator. Due to 

the high mobility of charge carriers in graphene, it can always provide a good logic 

"On" or "1" state. But because of the lack of bandgap, there is always current passing 

through the graphene, i.e. the graphene transistor cannot be turned off or at a good 

logic "0" state. To solve this issue, some attempts have been made to open a band 
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gap including tailoring graphene into nanoribbons, modulation or doping with 

foreign atoms, or relying on the sole interaction with substrates.[167] 

Since single-layer graphene is almost transparent with only 2.3% adsorption 

of incident white light, it has been widely studied as transparent conducting films 

for electronics, such as touch screen displays, organic light-emitting diodes as well 

as e-papers. Combining its high transmittance with high elasticity makes graphene 

also attractive for flexible electronics.  [40] 

The broadband absorption of graphene makes it a promising candidate for 

terahertz modulators and ultrafast photodetectors. [168-171] Photodetectors are 

based on transforming light signals into detectable electronic signals. There are 

several means to enhance the sensitivity of graphene photodetectors, such as by 

utilizing plasmonic nanostructures to enhance the local optical electric field. A 

photodetector was constructed by nanoscale antennas sandwiched between two 

graphene monolayers, which efficiently converts visible and near-infrared photons 

into electrons with strong enhancement (800%) of the photocurrent relative to the 

antenna-less graphene device.[169] 

Graphene coating has been found to be wetting transparent, which does not 

significantly disrupt the intrinsic wetting behavior of substrate surfaces where van 

der Waals forces control the wetting. It means that without influencing the 

wettability of the substrate, other outstanding properties of graphene can be 

harnessed for the coated substrate. For example, its remarkable chemical inertness 

has made graphene a promising corrosion barrier against water and oxygen. [172-
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174] Retaining the wetting character of metals, graphene has been used as an 

ultrathin protective coating in protection of metals from degradation in marine or 

saline environment. [174]  

With its 2D structures, excellent electric conductivity, high surface area as 

well as remarkable mechanical strength, graphene is indispensable in their use for 

energy storage and conversion. The conventionally used electrode materials for 

lithium-ion batteries suffer from poor electrical conductivity and sluggish ion and 

electron transport kinetics or structural deformation, which have been 

circumvented by incorporating graphene with them. [175]A series of graphene-

based lithium-ion batteries have been reported using graphene, doped graphene, 

and graphene-metal oxide electrodes. [131, 176-181] Recently, progress was made 

in power density by using single-crystal vanadium dioxide ribbons-graphene 

ribbons as cathodes for lithium storage, which consume only 20s in a full charge or 

discharge.[180] 

Owing to the limited performance of CNT-based supercapacitors, graphene-

based materials with a porous structure is currently intensely studied as an 

alternative carbon material for conventional supercapacitors. Graphene-based 

supercapacitors constructed with 3D structures of chemical modified graphene have 

demonstrated high capacitance and energy density as electrodes. [182-184] Besides, 

GO could also provide an interesting solid electrolyte for supercapacitors due to its 

insulating character and capability of trapping water. [185]  
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An intense interest has also been drawn in exploring graphene-based 

materials for solar cells because of their unique electrical and mechanical 

properties. Graphene and graphene hybrid materials have been utilized as a counter 

electrode for catalyzing the redox reaction in dye sensitized solar cells. Recently, 

graphene has also been used as an alternative material to widely used metal oxide 

window electrodes such as ITO due to graphene’s distinguish mechanical properties 

in both bending and stretching tests. [186] Besides, the use of graphene sheets for 

fuel cells is continuously growing as a supporting material for platinum 

electrocatalyst or a nonmetal catalyst in place of platinum. [130, 187-189]  

There is special interest in investigating graphene for biomedical 

applications including cancer therapies, drug delivery, tissue engineering, 

biosensing and medical devices. [116, 123, 190-191] However, future research is 

very important in terms of the biodegradability or biopersistence as well as 

potential long-term toxicity concern. [191-192] Graphite oxide also has found niche 

in water purification. Graphite oxide functionalized with thiol groups via diazonium 

chemistry, has been used to make nanostructured graphite oxide-coated sand, 

which was shown capable of adsorbing 5-fold higher concentration of heavy metal 

and organic contaminants than pure sand.  [193] Graphene and GO membranes have 

also been engineered for desired gas separation. GO membranes, with careful 

control of stacking structures, were able to provide high CO2/N2 selectivity in high 

relative humidity, allowing for great potential for industrial CO2 separation 

processes. [194] 
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Chapter 2 

Chapter 2 Growth and Properties of 
CVD Graphene 

This chapter introduces my contribution to the CVD growth of graphene and 

followed by the analysis of impurities in CVD grown graphene at the atomic scale, 

and the measurement of fracture toughness of graphene. In the first section the 

details on the CVD growth of graphene in the form of either atomically thin films or 

3D porous structures will be discussed including the growth and transfer procedure 

as well as the characterization. In the second section a state-of-the-art chemical 

analysis technique atom-probe topography was introduced to analyze the 

impurities in the CVD-grown monolayer graphene on a Cu substrate at the atomic 

scale. Finally, a quantitative in situ tensile testing of fracture toughness in 

suspended CVD-grown graphene will be presented. 
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2.1. CVD Growth of Graphene 

2.1.1. Growth and Transfer of Graphene Films  

The Cu foils (99.8%, Alfa-Aesar , item #13382) used for our CVD growth are 

covered by  a layer of chromium oxide for anticorrosion protection as shown in the 

Figure 2.1.[67, 74, 195] Figure 2.1a shows the SEM image of the original commercial 

Cu foil where many “valleys” are observed. [74] The X-ray diffraction pattern 

(Figure 2.1b) shows a sharp diffraction peak at around 60°, which is assigned to the 

(200) peak of Cu and Cr. When the Cu foil was annealed in H2/Ar atmosphere for 30 

min, an abundance of nanoparticles formed on the Cu surface shown in the Figure 

2.1c, which could not be reduced by H2. The energy-dispersive X-ray spectroscopy 

(EDS) verifies that nanoparticles compose of Cu, Cr, Mn and O elements. Therefore, 

the formed nanoparticles on the Cu surface would cause the unfavorable surface 

roughness of Cu substrates, which is thought to be a factor influencing homogeneity 

and electronic transport properties of graphene. [74] Since the nanoparticle could 

not be dissolved in the common etching solution, the electrochemical polishing of 

the Cu foils is selected to remove the oxide layer so as to achieve much smoother 

and cleaner Cu surface before the CVD growth. 
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Figure 2.1 – Characterizatin of the commercial Cu foil. SEM images (a) and X-
ray diffraction (XRD) pattern (b) of the commercial Cu foil. (c) The commercial 
Cu foil after annealing for 30 min. 

2.1.1.1. Electrochemical Polishing 

The electrochemical polishing solution consisted of 400 mL of water, 200 mL 

of orthophosphoric acid, 200 mL of ethanol, 40 mL of isopropyl alcohol (IPA), and 4 

g of urea. A 25 μm-thick 6 cm × 6 cm Cu foil (99.8%, Alfa-Aesar , item #13382) was 

immersed in the electrochemical-polishing solution and used as the anode while a 

25 μm-thick 20 cm × 20 cm Cu foil (99.8%, Alfa-Aesar) was used as the cathode.  

A CHI electrochemical workstation was used to supply the constant 

voltage/current. The applied voltage was 4.8 V and the electrochemical polishing 

time was ~2min. After electrochemical polishing, the Cu foil was rinsed with 50 mL 
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deionized (DI) water (3×), further washed with 50 mL ethanol (3×), and then dried 

with a nitrogen flow for 5 min. 

2.1.1.2. CVD growth furnace setup 

CVD is done in the low pressure, temperature controlled, gas flow furnace 

consisting of a 46mm inner diameter (ID) fused quartz tube heated in a split tube 

furnace. Gasses include ultrahigh pure (UHP) Argon, Hydrogen, and Methane, with 

flows controlled by an automatic flow controller.  Low pressure is achieved using an 

oil pump with a cold trap. The gas flow attachments are tightly clamped to prevent 

atmospheric contamination. Gas pressure should be less than 10 mTorr with no gas 

flowing and ~ 1 Torr with gas flowing. The schematic of the setup was shown in the 

Figure 2.2. 

 

Figure 2.2 - Schematic of CVD growth of graphene. The inset is the commercial 
copper foil. 
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2.1.1.3. Growth Procedure  

The Alfa Aesar 0.025mm, 99.8% pure copper foils are selected as the growth 

substrates. The foils are cut out 3 cm squares with the edge notched to indicate 

orientation, and pressed between glass slides to be flat. Then, the foil is treated with 

the following order of solvent dips: acetone (10 seconds), water, acetic Acid (10 

minutes), water, acetone (10 seconds), and IPA (10 seconds). The remaining IPA is 

gently removed using low flow nitrogen gun. Later, load the copper foil into CVD 

furnace, which is pumped down to a base pressure under 10 millitorr. After base 

pressure is achieved, flow hydrogen/argon mix gas (15 vol.% H2 balanced by 85 vol.% 

argon) is introduced with pressure risen to about 1 Torr. Then, the furnace is heated 

up to 1000 º and the Cu foil is annealed in H2/Ar mixture at 1000 °C for 20 minutes. 

After annealing, methane with different flow rates is introduced to the tube for the 

desired time. Typically, the methane flow rate 4 sccm and the growth time 8 

minutes are chosen for the growth of high-quality continuous graphene. After 

exposure to CH4, the furnace is cooled down to the room temperature.  The time 

dependence of experimental parameters (temperature, pressure, gas flow rate) in 

the whole growth procedure is shown in the Figure 2.3. 
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Figure 2.3 – Time dependence of typical experiemental parameters: 
temperature, pressure, and gas flow rate.  

2.1.1.4. Graphene Transfer Procedure  

Graphene is transferred from the Cu foils by the method developed by other 

groups. [60]The graphene-on-Cu foil is coated with ~ 500 nm thick poly-methyl 

methacrylate (PMMA)(4% Anisole-PMMA) which is spun onto one side of foil (keep 

track of which side) at 3000 RPM for 30 seconds. Graphene on other side of Cu foils 

is etched off using oxygen plasma. The PMMA-graphene-on-Cu is carefully placed 

onto the surface of 0.05 M aqueous solution (NH4)2S2O8 solution with PMMA side up. 

PMMA is hydrophilic so foil will float on surface. The etching process takes ~ 30 

minutes to etch copper away completely. Later, the PMMA-graphene membrane was 

scooped into deionized (DI) water to wash the impurities away. Membrane should 

float on the surface of water, with the PMMA side up, and the graphene side down.  

The membrane is washed for 6 times using the fresh DI water. At the same time, the 
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membrane is kept flat to avoid cracking graphene. After this, the membrane is 

scooped out of the water with the desired final substrate. The typical substrate is 

the silicon chip with 285 nm thick SiO2 on the top of the surface. The membrane 

should be in contact with the chip surface.  After being dried ~ 1 day, the chip is 

soaked in acetone for ~ 4 hours to remove PMMA and subsequently rinsed with IPA. 

The schematic of the graphene transfer procedure is shown in the Figure 2.4. 

 

Figure 2.4 - The schematic of the graphene transfer process. 

2.1.1.5. Results and Discussion 

Copper has a small affinity for carbon, which is reflected in the lack of 

formation of a stable copper-carbide phase and a small carbon solubility in Cu (~ 

0.042 at.% at 1084 oC[196]) The small carbon solubility in copper permits the 

growth of monolayer graphene on a copper catalytic surface. The nucleation and 

growth of graphene is due to the adsorption of the active carbon species (CHx<4) on 

a solid copper surface with minimal carbon diffusion into copper at high 

temperatures due to its small solid solubility.[197-199] Graphene was grown on the 
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polished Cu foil as a function of time using the procedure described in the section 

2.1.1. Figure 2.5 shows the SEM images of graphene on Cu with different growth 

time. When the growth time is longer than 4 min, the Cu foil is almost covered by 

graphene. When the growth time is increased to 8 min or longer, the Cu surface is 

flat and fully covered by graphene.  

 

Figure 2.5 – SEM iamges of graphene on Cu with different growth time of (a) 
10s, (b) 30s, (c) 1min, (d) 2min, (e) 4min, and (f) 8min, respectively. 

The typical Raman spectrum recorded with 514.5 nm laser excitation 

(Renishaw inVia) was used to evaluate the structure and quality of our graphene 

samples grown for 8 min. The Figure 2.6 shows the optical microscope image with 

the corresponding Raman spectrum in the inset. The Raman spectrum displays only 

G and G’ bands at 1586 cm-1 and 2710 cm-1 without a D peak, indicating the 

negligible defect of the CVD grown graphene. [156] The intensity ratio of G’ to G 
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peak is ~4 for most areas of the samples, implying the high quality of CVD grown 

graphene. It is comparable to the mechanically exfoliated graphene. [156] 

 

Figure 2.6 – Optical image and Raman spectrum of the typical CVD grown 
graphene sheet. 

2.1.2. Growth of 3D Graphene 

Besides 2D graphene grown the copper foil, 3D graphene was grown on 

nickel substrates using the developed CVD method mentioned in the section 

2.1.1.[165] The nickel substrate used in this research is a foam-like nickel film, a 

widely used commercial battery material, which was received from Heze Tianyu 

Technology Development Company. The thickness is 1.2 mm and the areal density 

was 320 g/m2. The optical and SEM images of the porous nickel substrate are shown 

in the Figure 2.7. We can observe the interlocked 3D structures of the nickel film, 

prividing the template for the growth of graphene. The nickel foil was loaded into 

the CVD furnace and annealed at 1100 C for 30 min in a 1 Torr Ar/H2 gas flow (15 



 44 

vol % H2 balanced by 85 vol % Ar). Simultaneously, 20 sccm CH4 was introduced for 

~ 20 min to grow graphene. After that, the nickel foil was dragged out using a 

magnet from the heating area of the furnace to the room temperature area. The 

following transfer process was similar with the graphene grown on the copper foil.  

 

Figure 2.7 – Images of the commercial nickel films. (a) The photograph 

of the nickel substrate. (b) SEM image of the porous nickel.  

The obtained graphene was characterized by SEM, Raman spectroscopy 

(excitation wavelength 633 nm) and TEM shown in the Figure 2.8. The SEM images 

(a) and (b) show the graphene grown on the nickel mimics the structure of the 

nickel foil. All the graphene sheets are electron transparent and in contact with each 

other. No D peak was observed in the Raman spectrum, indicating the high quality of 

obtained graphene. [156] The intensity ratio of G to 2D peak is ~1.6, suggesting the 

graphene is few-layered. The Figure 2.8d shows the hexagonal SAED pattern of the 

graphene, suggesting the high crystallinity of obtained graphene. [67, 160] The 

HRTEM images of graphene edges displays the obtained graphene was 3 or 4 layers 
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thick by counting randomly exposed edges, in concert with Raman spectroscopy 

shown in Figure 2.8c. 

 

Figure 2.8 – Characterizations of graphene grown on the porous nickel. (a-b) 
SEM images of graphene.  (c)Raman spectra of the graphene (excitation 
wavelength 633 nm). (d) Hexagonal SAED pattern of the graphene. (e-f) 
HRTEM images of graphene edges.  

2.2. Atomic Scale 3D Chemical Analysis of CVD Graphene 

Due to the presence of an extensive surface area, the properties of graphene 

are altered by adsorbed impurity atoms or molecules, for example, hydrogen (H) 
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and oxygen (O) and their molecular groups.[118, 200] Structural and chemical 

analyses of graphene layers have been studied extensively using different 

techniques; specifically X-ray photoelectron spectroscopy,[201-202] Raman 

spectroscopy,[203-204] and atomic-resolution TEM. [64]These traditional 

approaches are mainly analyzing 2D planes, where spatial information in the 

perpendicular direction is extremely difficult to retrieve. Even HRTEM cannot tell 

whether a functional group or an impurity atom is on the top of or within the 

graphene lattice. Recently, secondary-ion mass-spectrometry (SIMS) was utilized to 

study the stacking order of adlayers of graphene on a Cu substrate by utilizing 

labeled C isotopes, 12C and 13C amu.[205] The labeled C atoms demonstrated that 

adlayer growth proceeds by the catalytic decomposition of methane (CHx where x is 

< 4) trapped between the first C layer and the Cu substrate. Nevertheless, this 

analysis is limited by the spatial resolution of different beam sources (~200 nm for 

a 30 kV Bi1+ ion beam). Additionally, most of the graphene studied previously 

involved metal or polymer contaminants incorporated during the transfer of a 

graphene layer to an analysis instrument,[206-207] which represents another 

challenge for the current study; that is, to observe in situ bonding of impurities in 

graphene on a Cu catalyst substrate. Therefore, a direct 3D identification of the 

structure of graphene with atomic-scale spatial resolution is highly desirable to 

understand the surface state of graphene, the positions of the chemical functional 

groups, their interactions with the hexagonal carbon lattice and underlying Cu 

substrate, and to guide the analyses of the physical and electronic properties and 

applications of graphene. 
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Herein, we present a state-of-the-art chemical analysis of a CVD-grown 

monolayer of graphene on a Cu substrate utilizing APT. The impurity elements H 

and O with carbon and their functional groups on the top of or within the graphene 

lattice are mapped at subnanometer scale spatial resolution and atomic part per 

million (ppm) detection levels, which is combined with computational density 

functional-theory (DFT) calculations to obtain novel insights concerning impurities 

on and within graphene.  

2.2.1. Methods 

Material preparation. The material studied herein is graphene, which was 

grown on two types of Cu foils using the same method discussed in section 2.1. The 

Cu foils are an oxide-scale-coated Cu substrate and an O deficient Cu substrate, 

respectively. However, the growth of the isolated graphene domains on the copper 

foil used only 2 min.[208] The structures and quality of graphene samples grown on 

both types of Cu substrates were evaluated by Raman spectra recorded using a 

514.5 nm laser excitation (Renishaw inVia). The surface chemical nature and 

composition of two Cu substrates before and after 20 min annealing were analyzed 

by X-ray photoelectron spectrometer (XOS, PHI Quantera XPS) on PHI-5000C ESCA 

system with Al Ka x-ray as an excitation source.  

Sample preparation for SEM/TEM/APT correlative study. The graphene 

film on Cu foil is covered by an ~100 μm thick Ni over-layer to protect the top 

surface utilizing an Ar+ ion-beam sputter/etching system (IBS/e) operating at 8 kV 
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and 6 mA. A dual-beam focused ion beam (FIB) microscope was used to lift-out the 

sample on a thinned Cu grid for preparing a TEM/APT correlative. The thickness 

and existence of graphene on the APT sharpened microtip was confirmed using 

bright-field (BF) imaging employing a JEOL 2100F TEM operating at 200 kV.   

APT analysis. A local-electrode atom-probe (LEAP) 4000X-Si tomograph 

was employed to measure the composition of graphene on APT microtip samples 

prepared by lifting-out specimens from selected regions of graphene on the Cu 

substrate onto which a Ni over-layer had been deposited. A wedge-shaped piece 

(10×4 μm2) was cut from a single-layer graphene region and lifted out, and then 

attached to an Omni-probe TEM grid for correlative TEM and APT experiments. The 

APT microtip was prepared utilizing Ga+ ion milling in a FEI Helios FIB microscope 

with a final Ga+ energy of 2 kV at 24 pA. Ultraviolet laser-light (355 nm wavelength, 

3 μm-4σ focus diameter) pulses were applied to the APT specimen at a pulse 

repetition rate of 200 kHz, 10 pJ pulse-1, and an average detection rate of 5 x 10-3 ion 

pulse-1. APT measurements were conducted under ultrahigh vacuum (<2×10-11 

Torr) at a temperature of 30 ± 0.3 K. Data analysis was performed on the 3D 

reconstructions utilizing Cameca’s IVAS 3.6.4 program. 

2.2.2. Morphology and Structure 

It is critical to investigate the distribution of impurity atoms and their 

functional groups in CVD-grown graphene, especially after the incorporation of 

many unfavorable groups of graphene, that is, hydride or oxides of carbon.  Toward 

this end we utilized 3D APT to study a CVD-grown monolayer graphene on a Cu 
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substrate which has an oxide scale. In addition to growing graphene on an oxide-

scale-coated Cu substrate, we also used an O deficient Cu substrate to grow 

graphene for reference. As mentioned in Methods, Cu substrates were annealed at 

1000 °C for 20 min in 1 Torr Ar/H2 gas flow (15 vol% H2 balanced by 

85 vol% argon) to remove the oxide layer on the surface of Cu substrates before 

graphene growth. XPS was utilized to analyze the surface chemical nature and 

composition of two Cu substrates before and after 20 min annealing. Figure 2.9a 

shows that O and carbon exist on the surface of both Cu substrates. The 

characteristic Cu2+ satellite peaks in both Cu substrates before annealing indicate 

the presence of a thin layer of Cu oxide (Figure 2.9b). After annealing, a very thin Cu 

oxide is still present in the oxide-scale-coated Cu substrate while the peaks 

associated with Cu2+ in the spectrum of O deficient Cu prior to annelaing were 

absent (Figure 2.9c).  

The original CVD-grown graphene on the Cu substrate was characterized 

using SEM and Raman spectroscopy. [156, 209] The domain size of the graphene 

layers are 8-10 μm in diameter and they have irregular hexagonal morphologies 

shown in the Figure 2.9g. Small portions of multilayer graphene form in the central 

region of monolayer graphene domains. The APT sample we utilized was near the 

edge of the mono-layer graphene to avoid the multilayer regions. The observed 

wrinkled structure of graphene is due mainly to contraction during cooling, because 

the coefficients of thermal expansion of graphene and the Cu substrate are 

significantly different.[209-210] The Raman spectra were measured to evaluate the 

quality and thickness of CVD-grown graphene on both oxide-scale-coated Cu and O 



 50 

deficient Cu substrates (Figure 2.9d). A small defect-related D peak at ~1350 cm-1 

was observed in the graphene, which could be caused by O on the Cu surface. 

However, no peak was observed and the intensity ratio of G’ to G peak is ~3 for most 

areas of graphene grown on oxide deficient Cu substrate, indicating the formation of 

high-quality monolayer graphene. Together, these results suggest that O remaining 

on the Cu substrate after annealing could be the reason which caused the defect in 

the CVD-grown graphene. 

 

Figure 2.9 – (a-c) The XPS survey (a), before (b) and after annealing (c) Cu 2p 
spectra of the oxide-scale-coated Cu substrate and O deficient Cu substrate. 
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(d) The typical Raman spectrum of high-quality single-layer graphene grown 
on O deficient Cu substrate. (e) TEM cross-sectional view of graphene between 
Cu and Ni layers within an APT sharpened microtip. The total area of the 
microtip is represented in the inset. (f) 3D APT reconstruction of a mono-layer 
of graphene between Cu and Ni layers for a data set of 5.2 million atoms. The 
graphene layer is colored gray using a 9 at. % carbon iso-concentration 
surface. (g) SEM image of graphene on a Cu substrate. The quality and 
thickness of graphene were confirmed using Raman spectroscopy, see inset 
figure.  

Nickel (Ni) was deposited on graphene as a protective over-layer and the 

Ni/graphene/Cu sandwich structure was analyzed chemically utilizing 3-D APT. 

Nickel has a similar evaporation field (35 V nm-1) to that of Cu (30 V nm-1), [211] 

which implies fewer specimen failures and the ability to distinguish the graphene 

layer from Cu substrate during evaporation. 3D APT is a unique analytical tool, 

which utilizes the phenomenon of field evaporation, whereby individual atoms on 

the surface of a nano-scale hemispherical apex, radius of curvature of < 50 nm, are 

desorbed as single and molecular ions.[212-214] The atomic layer-by-layer field-

evaporation process gives the highest possible depth spatial resolution along the z-

axis of an APT microtip. The high Maxell mechanical stresses on a microtip lead to 

failure at the weakly bonded interface of the graphene sample; that is, weak van-

der-Waals bonding between graphene and the Cu substrate when the graphene 

layer is horizontal. By rotating a sample utilizing an arbitrary rotating manipulator 

(ARM),[215] the graphene layer becomes parallel to the z-axis of an microtip, which 

protects  fracturing the microtip containing the graphene specimen caused by the 

Maxwell stress associated with the electric field. Precise positioning of the graphene 

layer on the nanometer scale microtip is attained by performing correlative 
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SEM/TEM/ APT experiments, which are executed utilizing a dual-beam FIB 

microscope to lift-out a graphene specimen and attach it to a Omni-probe TEM Cu 

grid. The time-of-flight (TOF) mass spectrometer[216] and position-sensitive 

detector (PSD),[217] which are integral to an 3D APT determine the chemical 

identities and positions of the evaporated ions, with a detection efficiency of 50%, 

on the sub-nanometer scale. The atomic structure is displayed as a 3D reconstructed 

image of the APT microtip, thereby revealing the distribution of impurity atoms in 

graphene at the atomic scale. 

Figure 2.7 e-f displays a cross-sectional TEM image of the APT microtip and 

the corresponding tomographic reconstruction. The needle-shaped microtip can be 

directly utilized for TEM analyses because the apex radius is <50 nm and is electron 

transparent. The entire microtip is displayed in Figure 2.9e. The thin dark graphene 

layer is observed between the Cu and Ni protective layers. Figure 2.9 f displays the 

3D APT reconstruction of the graphene specimen, containing 5.2 million atoms, 

between the Cu substrate and Ni protective layer. The graphene region is delineated 

by a gray-colored solid interface using a carbon iso-concentration surface. An iso-

concentration surface is a 3D surface as defined by an elemental concentration, e.g., 

9 at.% C herein, independent of the convexity of the structure, which can be used to 

estimate the morphology of internal concentration features.[218]  

2.2.3. APT Characterizations 

The graphene monolayer studied by 3D APT can be further assessed by 

comparing the atomic densities of elemental carbon in the mono-layered graphene; 
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that is, the measured and theoretical values. Figure 2.10 presents the relative 

interfacial excesses by counting the number of elements in the proximity histograms 

of Cu, Ni, C, O, and H atoms perpendicular to the mono-layered graphene between 

the Cu substrate and the Ni protective layer. A proximity histograms is a 

concentration profile of an element as a function of distance from the Ni/Cu 

interface.[219] The bin size of the proxigram is 0.5 nm and the region containing the 

entire interfacial region is defined to extend from -10 to 10 nm. The interfacial 

excess is calculated from the difference of the measured, iN , and reference, 0
iN , 

counts represented by the hatched region. The reference count is necessary for 

analyzing an asymmetric concentration profile across an interface, Equation  2.1, to 

remove the impurity atoms in the Ni protective layer, which were deposited 

utilizing an ion-beam sputtering/etching system (IBS/e). The measured (solid 

symbols) and reference (empty symbols) count profiles of C (black-colored 

triangles), O (cyan-colored circles), and H (khaki green-colored diamonds), are 

displayed in Figure 2.9b, c and d, respectively. Carbon is placed on the right-hand 

side of the interface, which is toward the Ni protective layer, whereas the H and O 

peaks are slightly shifted toward the Cu side. This implies that impurity atoms 

existing prior to graphene growth can affect the quality of the graphene monolayer 

. 0rel i Ni i Ni Cu i Cu i
i i i i Cu Ni

Cu Ni Cu Ni Cu Ni Cu Ni

x x x x x x x xN N N N N
x x x x x x x x

α β β α α β β α

α β β α α β β α

⋅ − ⋅ ⋅ − ⋅
Γ = − = − ⋅ − ⋅

⋅ − ⋅ ⋅ − ⋅
 

Equation 2.1 – Cahn’s formalism 



 54 

 

Figure 2.10 –Relative Gibbsian interfacial excesses, Eq. (1), are employed for 
determining the excesses (nm-2), in the graphene layer between the Ni 
protective layer and Cu substrate.  

The density calculation of carbon in graphene is analogous to segregation 

behavior at an interface measured using the Gibbsian interfacial excess, iΓ  , which 

is defined to be the excess number of solute atoms i ( )excess
iN  per unit area (A).[220] 

In the case of an asymmetric concentration profile across a heterophase interface, 

the value of iΓ  is quantified using the relative Gibbsian interfacial excess ( .rel
iΓ  ) 

with respect to the two major elements, Ni and Cu.[221] Gibbsian interfacial 

excesses at planar interfaces are studied using Cahn’s formalism shown in the 

Equation 2.1,[222] which obviates the need for a dividing surface. In the Equation 

2.1, iN   is the number of atoms of element i counted in the region defined by two 
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surfaces straddling a unit area of interface, and k
ix  is the atomic fraction of an 

element i in phase k (k = α or β). The element count, iN , is measured utilizing APT 

by counting an element i at a detection efficiency of 50%[218] and  0
iN  is the 

reference count of element i. This approach is adopted for all data points of a 

proximity histogram and yields a reference concentration of each element. 

The total number of C atoms counted in a hatched region in a proximity 

histogram is 5.78 x 104 atoms. When 5.78 x 104 is divided by the interfacial area, 

1829 nm2, the relative Gibbsian excess of C, .rel
CΓ , is 31.6 atom·nm-2. The value 

measured is ~12.3 % smaller than the theoretical density of carbon[1] in monolayer 

graphene, 36 atom/nm2. The lower measured value of carbon can be explained by 

carbon-deficient regions in the monolayer graphene film. And the other explanation 

is the overlap of the 12C+ peak with the 12 2

2C +  or 12 3

3C +  charged molecular ions (5-6 % 

for carbide case).[223-224] Utilizing the same procedure, the relative interfacial 

excesses of O ( .rel
OΓ ) and H ( .rel

HΓ ) are 1.5 and 1.0 atom·nm-2, respectively. The oxygen 

peaks may originate from O impurities adsorbed on Cu from the O2 in air, before or 

after graphene growth.[201] Hydrogen interacts with O and/or other O impurities 

on Cu, leaving a minor trace of O-H molecules bound to Cu during graphene 

growth.[225] 

Even though graphene is a distinctly separate layer the carbon in the 

graphene layer may inter-diffuse with the Cu and Ni layers. This is indicated by the 
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FWHM of the C concentration peak, ~ 4.3 nm, which is much greater than the 

thickness of the graphene monolayer. Carbon has a very high evaporation field 

compared to its values for Cu and Ni atoms. The observed evaporation fields for C, 

Ni, and Cu are >142, 35, and 30 V·nm-1, respectively.[211] The electric field, E, 

strength is inversely proportional to the radius of curvature, R, of a nanotip and 

directly proportional to the applied dc voltage, V, as given by the Equation 2.2, [226] 

where kf is a geometric field-factor that accounts for the geometry of a nanotip. 

During the atom-by-atom dissection of the Ni/graphene/Cu trilayered structure, Ni 

and Cu are preferentially evaporated with respect to C in graphene, due to their 

lower evaporation fields. The radius of curvature of the specimen decreases as the 

nanotip approaches the graphene layer, whreas E for graphene is, however, reached 

at the same applied dc voltage. This is similar to the local magnification effect of a 

nanoparticle, which has a high evaporation-field.[223, 227] The magnification effect 

for C atoms in the graphene layer is inversely proportional to R.[228] The difference 

of the evaporation fields between carbon (142 V nm-1) and Cu (30 V nm-1) implies a 

magnification factor of the image that is ~4.7 times that of Cu, which results in a 

broadening of the width of the carbon concentration profile by about 1.8 nm on the 

Cu and Ni sides of the graphene. The other factor for the broadening of the carbon 

concentration profile of graphene is due to surface migration of carbon in the 

electric-field gradient present on a nanotip’s surface; the temperature of the 

nanotips was 30 K.[229-230] A solute atom possessing a higher evaporation field is 

preferentially retained until the local electric field is sufficiently high to cause its 

evaporation.[231] 
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f

VE
k R

=  

Equation 2.2 – Field emission equation. The electric field, E, strength is 
inversely proportional to the radius of curvature, R, of a nanotip and directly 
proportional to the applied dc voltage, V. kf is a geometric field-factor. [226] 

Figure 2.11a displays an APT plan-view image of the graphene layer with its 

distributions of impurities, including O, H species (O, OH, CO, and CO2) and CuO. The 

image consists of grey and white regions, which delineate graphene employing a 9 

at. % C iso-concentration surface, and C-deficient regions with a concentration <9 

at.%, respectively. The size of the C-deficient regions is in the range 10 to 20 nm 

with a number density of 1.64 x1015 m-2. Oxygen on Cu interacts with H and C during 

graphene growth[195] and forms the OH, CO or CO2 species distributed over the 

graphene layer. The impurities (O, OH, CO, and CO2) at the interface with the Cu 

substrate are localized in the C-deficient regions. Figure 2.11b,c displays the mass-

to-charge state ratio mass spectra of the two regions. The time-of-flight (TOF) of 

each ion from the APT nanotip to the detector enables us to determine the chemical 

identity of each evaporated ion, which is associated with at least one mass-to-charge 

state peak. The atomic and molecular carbon ion peaks in the singly- and doubly-

charged states are at 6, 12, 18, and 24 amu. Hydrogen, N, and O peaks are at 1, 14, 

and 16 amu, respectively. The isotopic abundances of Ni and Cu are displayed 

between 58 - 65 amu. The oxygen containing impurities, OH at 17 amu, CO at 28 

amu, and CO2 at 44 amu are observed in the graphene and C-deficient regions, 
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Figure 2.11b,c. The impurities detected in a C-deficient region, Figure 2.11c, are 

significantly more abundant than those in the graphene region, Figure 2.11b.  

 

Figure 2.11 – A 3D APT reconstruction of a plane-view image of graphene 
accompanied by mass-to-charge-state spectra of normal graphene and carbon 
deficient regions. a, APT image displaying the distribution of impurity atoms, 
including different O species (O, OH, CO(2)) and CuO with a gray colored 9 at. % 
C iso-concentration surface. b, c, Mass-to-charge-state ratio spectra in mono-
layered graphene and carbon-deficient regions, respectively.  

Figure 2.12a,b are cross-sectional views of the graphene layer, reflecting 

vertical atomistic distributions in the graphene and C-deficient regions, respectively. 

Nickel is not displayed in the figure for the sake of clarity, but there are C and other 
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elements in the Ni protective layer because impurities are introduced during Ni 

deposition utilizing the IBS/e system. Carbon and Cu are evenly distributed in the 

graphene region; the distribution of impurities, including H and O in the C-deficient 

region, has a much higher density than in the graphene region. Figure 2.12c,d 

exhibit concentration profiles for single and molecular ions in graphene and C-

deficient regions along the vertical dashed red arrows, Figure 2.12a,b. The 

molecular ions are displayed to determine how much O containing functional 

groups on Cu affect the quality of graphene. The maximum concentration of the 

decomposed C is measured as 14.5 ± 0.79 at.% in the graphene region, whereas, it is 

only 7.21 ± 0.44 at.% in the C-deficient region. This could also explain why the 

carbon concentration in monolayer graphene, detected using APT, is 31.6 atom·nm-

2, which is less than theoretical value of 36 atom·nm-2. Oxygen and H in the C-

deficient region have the largest peaks representing 6.05 ± 0.39 and 1.43 ± 0.20 at.%, 

respectively. When the molecular ions are not decomposed into single ions at high 

electric field strength, the molecular ions can be detected by the APT-TOF detector 

in both regions. The concentration associated with the CO and CO2 molecular ion 

peaks in the C-deficient region is 4.84 ± 0.49 at.%, which is much greater than the 

value in the graphene region, 0.67± 0.13 at.%. CuO molecular ions are also observed 

in the C-deficient region, 0.55± 0.11 at.%, which is a much larger concentration than 

in the graphene region, 0.10± 0.06 at.%.  
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Figure 2.12 – (a-d) Atomistic views of cross-sections and concentration 
profiles across the mono-layered graphene and carbon-deficient regions. 3D 
APT atomistic views are represented in the mono-layered graphene region, a, 
and C-deficient region, b, with C (black spheres), O (cyan spheres), OH (dark-
yellow spheres), CO2 (blue spheres), and CuO (red spheres) ions. A high-
density of C atoms is confirmed in graphene on a Cu substrate (orange 
spheres). (e) The ground state structures of O, OH and CO on Cu (111) surface 
(above) and on graphene (bottom). Oxygen, hydrogen, carbon and copper are 
represented in red, white, grey and orange balls. The numbers are the 
adsorption energy of each species.   

Copper has a small affinity for carbon, which is reflected in the lack of 

formation of a stable copper-carbide phase and a small carbon solubility in Cu (~ 

(e)
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0.042 at.% at 1084 oC[196]) The small carbon solubility in copper permits the 

growth of monolayer graphene on a copper catalytic surface. The nucleation and 

growth of graphene is due to the adsorption of the active carbon species (CHx<4) on 

a solid copper surface with minimal carbon diffusion into copper at high 

temperatures due to its small solid solubility.[197-199] The nucleation rate is 

decreased by the uptake of O on the Cu substrate, because the nucleation sites are 

preferentially passivated by oxygen.[232] The source of surface O comes from the 

bulk of the Cu substrate, which is 0.062 at.% at 1000 oC,[233] or the residual copper 

oxide during hydrogen reduction. Hydrogen plays an important role in the CVD 

growth of graphene as an activator of the bound surface carbon atoms by reducing 

an oxygen atom and/or other putative oxidizing contaminants present on the 

copper surface. Therefore, hydrogen plays an inverse role from that of oxygen on 

the growth of graphene.[234] The concentrations of oxygen and hydrogen are 

known to affect the morphology of graphene. Specifically, the change is from an 

irregular multilayer graphene structure to a compact hexagonal single layer of 

graphene for a small oxygen concentration (10-6 at. % O) on a copper substrate [232] 

or for a high hydrogen pressure (19 torr H2) during graphene growth. [234] 

According to our density functional theory calculations, O, OH, and CO or CO2 

species have larger adsorption energies, Ea, on Cu [Ea(O) = 5.14 eV; Ea(OH) = 3.06 eV 

and Ea(CO) = 0.92 eV] than on graphene [Ea(O) = 2.41 eV; Ea(OH) = 0.62 eV and 

Ea(CO) = 0.02 eV)], indicating that O, OH, and CO or CO2 at the graphene-Cu interface, 

detected by APT, are mainly from the Cu surface (Figure 2.12e). This leaves 
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functional groups on graphene during CVD growth on Cu. Defect-free graphene can 

be grown on Cu despite the presence of a small concentration of O, 1.46 ± 0.26 at.%: 

Figure 2.12a,c. When the concentration of O on Cu is 6.05 ± 0.39 at.% it is 

sufficiently high, Figure 2.12b,d, that O, OH, and CO or CO2 will passivate the Cu 

surface active sites and the  nucleation of graphene will be inhibited as more C 

species edges will be incapable of attaching to each other to form a continuous 

graphene layer. Accordingly, the incomplete low quality and irregular morphology 

graphene has. This observation is significant for understanding how the 

concentration of O groups on the Cu surface influences graphene growth. 

2.2.4. Conclusion 

We have investigated CVD-grown graphene on a Cu substrate at sub-

nanometer spatial resolution utilizing an APT, which employs picosecond 10 pJ 

ultraviolet (wavelength = 355 nm) pulses to dissect the graphene on an atomic scale 

and then reconstruct it in three-dimensions. Precise positioning of the monolayer 

graphene layer on the nanometer scale nanotip are executed by a dual-beam FIB for  

correlative SEM, TEM and APT experiments. The monolayer graphene on a Cu 

substrate, with a Ni protective layer, Cu/graphene/Ni sandwich structure, was 

accessed by TEM to perform a 3D APT chemical analysis. The atomic density of 

carbon in monolayer graphene was determined from a solute analysis between the 

Cu substrate and Ni protective layer that yielded the Gibbsian interfacial excess. The 

value measured was 31.6 atom/nm2, which is ~12.3 % smaller than the theoretical 

density of carbon in monolayer graphene, 36 atom/nm2. The lower measured value 
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is explained by carbon-deficient regions in the monolayer graphene film. And the 

other explanation is the overlap of the 12C+ peak with the 12 or 12  charged 

molecular ions. The plan view and cross-sectional atomistic views of graphene 

obtained by atom probe tomographic experiments provide direct evidence for 

selective segregation of oxygen and hydrogen and their molecular ions in the 

carbon-deficient regions of monolayer graphene. In the mass spectra, hydrogen, 

oxygen and related molecular ionic species, OH+ and CO+ or CO(2)+ ions, are 

observed, which correspond to oxygen groups at the graphene-copper interface. 

Oxygen groups on the Cu substrate were found to play an important role in 

terminating graphene growth. As far as we know this research represents the first 

ever portrait of the full chemical detection at an atomistic scale in a graphene 

monolayer, which provides evidence for LEAP tomography as a promising technique 

for other two-dimensional functional materials. 

2.3. Fracture Toughness of Graphene 

2.3.1. General Information 

Graphene draws intense attention by virtue of excellent mechanical 

properties, especially its use as the strengthening component in composites. [235-

236]  The characterization of the mechanical performance is substantial for both the 

reliable applications and fundamental research. In materials science, fracture 

toughness is a property which defines the ability of a material containing a crack to 

resist fracture, and is one of the most essential properties of any material. [237-238] 
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The useful strength of graphene with engineering relevance is usually determined 

by its fracture toughness instead of the intrinsic strength that governs a uniform 

breaking of atomic bonds in perfect graphene. Nevertheless, due to the technical 

challenges in the nanomechanical testing of atomically thin membranes, the fracture 

toughness of graphene has not been experimentally measured. Therefore, in 

collaboration with Peng et al., [239] we performed the quantitative in situ tensile 

testing of fracture toughness in suspended CVD-grown graphene using a 

nanomechanical device in a SEM. 

2.3.2. Methods: Dry Transfer of graphene 

 A challenge in the nanomechanical testing of graphene was to transfer the 

atomically thin film of as-grown graphene onto the sample stage. To this end, we 

developed a distinctive approach of dry transfer. The ‘dry’ transfer is accentuated 

here because liquid is unfavorable for the suspended Si working layer of the stage. 

The as-grown graphene (see the section 2.1) was first coated with PMMA and then 

attached to a PDMS block. The Polydimethylsiloxane (PDMS) block has an open 

window slightly larger than the sample stage in the center and can attach to 

graphene/PMMA by natural adhesion (Figure 2.13a,b). The PDMS/PMMA/graphene 

block was easily picked up from the etchant after copper was etched away in several 

hours, so that it was transferred directly onto the stage (Figure 2.13c). The whole 

stage was then covered by the PMMA/graphene film in the central window of the 

PDMS block. Then the PMMA/graphene film was enabled by heat treatment to 

adhere to the suspended Si layer of the device smoothly and tightly, which was 
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significant to avoid wrinkle formation and release pre-strain in the graphene film. 

Later, the graphene/PMMA film was carefully cut with a sharp tip of tweezers along 

the open window contour of the PDMS block, and the sample stage together with the 

transparent graphene/PMMA film was subsequently picked up with tweezers 

(Figure 2.13d,e). After calcining in air to decompose PMMA, a suspended film of 

graphene was achieved across the stage (Figure 2.13f). 

 

Figure 2.13 - Schematic illustration of the dry transfer method.  

2.3.3. In situ Tensile Testing 

Quantitative in situ tensile testing was carried out using a recently developed 

platform that integrates a micromechanical device and a nanoindenter as shown in 

Figure 2.14a. A central pre-crack with length <10% of sample width (Figure 2.124) 

was introduced by FIB. The tensile testing was monitored by real-time SEM 

observation. As the applied load was increased to a critical value, brittle fracture 

occurred quickly from the pre-crack, leading to two fractured pieces with flat edges. 
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Figure 2.14b,c show the SEM snapshot of graphene before and after fracture, 

respectively. The brittle fracture is also manifested in the linear stress-strain curve 

(Figure 2.14d), which ends by an abrupt load drop signifying the start of dynamic 

crack propagation. These data verify the applicability of the classic Griffith theory of 

brittle fracture to graphene. The fracture toughness of graphene is measured as the 

critical stress intensity factor of  4.0 ± 0.6MPA√𝑚 and the equivalent critical strain 

energy release rate of 15.9 J m−2. This work quantifies the essential fracture 

properties of graphene and provides mechanistic insights into the mechanical 

failure of graphene. 

 

Figure 2.14 - Nanomechanical testing of fracture of graphene with a pre-crack. 
(a) SEM image showing the in situ tensile testing with a microdevice. 
Movement of the nanoindenter tip (shown by the block arrow) was converted 
to pure tension of the specimen on the sample stage by the inclined beams. 
Inset is the magnified image of the boxed region showing graphene across the 
gap of the sample stage. (b,c) SEM images showing graphene on the sample 

#2
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stage before and after tensile testing, respectively. The pre-crack (boxed in (b)) 
was cut by FIB. The scale bar in (b) and its inset is 5 μm and 500 nm, 
respectively. (d) Selected engineering stress-strain curves of the cracked 
graphene samples.  
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Chapter 3 

Chapter 3 Nitrogen Doped Graphene 

Having a zero bandgap limits the use of graphene in electronics, and its 2D 

nature does not allow large scale applications where macroscopic volume and/or 

weight are needed. Herein, a strategy was proposed by doping graphene with 

heteroatoms. This chapter focuses on the synthesis and characterization of 

nitrogen-doped graphene (NG) and their applications as catalysts for water splitting. 

3.1. NG for Oxygen Reduction 

The high required overpotential and sluggish kinetics of oxygen reduction 

reaction (ORR) is the primary cause of potential loss in both alkaline fuel cell and 

proton exchange membrane fuel cell. The contemporarily used catalyst platinum 

(Pt) for ORR suffers from its scarcity and susceptibility to CO poisoning.[240-241] 

As a result, the search of alternatives to Pt has drawn immense attention in the field 
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of electrocatalysis. The heteroatom (mostly nitrogen, N) doped carbon 

nanostructures emerge as promising candidates due to its excellent activity towards 

ORR especially in alkaline electrolyte, high stability and resistivity towards CO or 

methanol poisoning.  

The N incorporates into the carbon network with bonding configurations 

including N atoms in six-member ring (pyridinic-N), N atoms in five member ring 

(pyrrolic-N), N atoms doped into graphene basal plane (graphitic/quaternary-

Ncenter), N atoms in the graphene zigzag edge or valley sites (graphitic-Nvalley) and N 

atoms bonded with O atoms (oxidized nitrogen species).[242] However, the roles of 

different N functional groups in the ORR electrocatalysis are still under debate in 

both theoretical and experimental research since the discovery of nitrogen doped 

carbon nanotubes (N-CNTs) as ORR electrocatalysts.[242] Most of the previous 

work did not distinguish between graphitic-Ncenter and graphitic-Nvalley and just 

proclaimed the graphitic N was of paramount importance for the ORR activity.[242] 

The graphitic-Ncenter geometry mostly enhances the O2 adsorption onto the adjacent 

C and breaks the O-O bond easier to reduce O2 via a four-electron reduction 

pathway.[243] On the other hand, some work reported no contribution from 

graphitic-Ncenter and asserted that the electrocatalytic activity mainly comes from 

three N configurations in the edge planes including pyridinic-N, pyrrolic-N and 

graphitic Nvalley.[244] Nonetheless, the explicit active site is still contentious 

between the pyridinic-N and graphitic-Nvalley.[242]  The graphitic-Nvalley promotes 

the ORR activity while pyridinic N suppresses the ORR activity as claimed by some 
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researchers.[245] DFT modeling shows that graphitic -Qvalley lowers the adsorption 

energy of oxygen and facilitates the first electron transfer; however, the ORR is 

catalyzed through a ring-opening process of the cyclic C-N bond resulting in the 

formation of pyridinic-N.[246]  In contrast, many other papers stated that pyridinic-

N is not suppressing but facilitates the ORR activity.[242] The calculation through 

DFT also shows pyridinic-N enhance O2 adsorption on the neighboring carbon 

atoms by inducing high spin density and positive atomic charge density to the 

neighboring carbon atoms, and promote four-electron process of ORR.[247] The 

introduction of trace transition metal such as Fe during the synthesis of CNTs adds 

additional complexity to the exploration N active site in the N-CNTs, since Fe tends 

to form F-N bond which was revealed to play an extremely active role in the 

electrocatalysis of ORR.[248] Moreover, it’s also difficult to rule out the other effects 

such as tube diameter and number of walls of N-CNTs on the activity.  

On the other hand, graphene (G) possesses the unique graphitic basal plane 

structure which could further facilitate the electron transport, while having many 

similarities with CNTs in chemical and physical properties.[48, 130] However, like 

CNTs, the exploration results of actual N active sites based on N-doped reduced 

graphene oxides (N-RGO) also involve the effect of metals (Fe and Mn) when 

prepared from Staudenmaier and Hummers oxidation method, respectively.[242] 

Additionally, the graphite, as the source material for rGO, contains trace amount of 

transition metals like Fe, Co, Ni and Mn, making the exploration complicated. With 

this in mind, instead of choosing CNTs and rGOs containing some trace metals, we 
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use chemical vapor deposition (CVD) grown few layer graphene as the starting 

carbon material which possesses negligible defects compared to CNTs and rGOs. 

Herein, we have demonstrated a straightforward post doping of CVD-grown high 

quality few layer graphene by a simple method of annealing graphene with graphitic 

carbon nitride (g-C3N4) at elevated temperature. In-situ doping of graphene was not 

chosen because nitrogen present in in-situ doping reacts with metal substrates and 

hinders the growth of high quality graphene. Our process combining CVD-growth 

and post-doping eliminates the possibility of introducing strongly active trace 

metals like Fe and Mn from either the source materials or synthesis catalysts. The 

as-prepared NG was used to further explore the role of nitrogen functional groups in 

NG for electrocatalysis of ORR. In addition, superior to CNTs and rGOs, the CVD-

grown graphene facilitates electron transport due to its 2D planar geometry and low 

defect level, and hence could be a more effective electrode material. Our study 

provides deeper insights into the ORR mechanism of N active sites in NG and 

demonstrates a scalable method to fabricate metal free ORR catalysts with tunable 

activity. 

3.1.1. Methods 

Materials synthesis: The 3D graphene was grown using the method 

described in Section 2.1.3. The as-grown graphene was collected by firstly etching 

away the Ni substrate in an aqueous solution of HCl, followed by vacuum filtering 

and washing by DI water. The CVD-grown graphene was then post-doped either 
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using a solid precursor g-C3N4 or gas precursor NH3 at the temperature range of 

700-900 ºC to obtain NG.  

Structural and microstructural characterizations: The microstructures of 

the materials were characterized by SEM (FEI Quanta 400 FEG ESEM) and High 

resolution field emission gun TEM (JEOL 2100 FEG TEM). The Raman spectra were 

taken from Renishaw inVia Raman microscope with 514 nm laser excitation. XPS 

(PHI Quantera XPS) on PHI-5000C ESCA system with Al Ka x-ray as an excitation 

source was used to analyzed the chemical nature and composition of the materials.  

Electrochemical measurement: The electrochemical activity was measured 

in a rotating ring disk electrode (RRDE) (disk glassy carbon diameter: 5 mm, Pine 

Research Instrument) with a CHI 760D potentiostat. The catalyst ink was prepared 

by ultrasonicating the mixture of 1 mg pristine graphene or NG, 125 μL DI water, 75 

μL isopropanol and 20 μL Nafion dispersion (0.5 wt.%) for 30 min. For comparison, 

a catalysts ink with 1 mg/220 μL commercial Pt/C (20 wt.%, Johnson Matthew) is 

also prepared using the same procedure described above. 8 μL catalyst ink was 

pipetted on the glassy carbon disk electrode surface. After the ink dries at room 

temperature, the electrode surface was covered by an 5 μL Nafion dispersion (0.5 

wt.%). This leads to a catalyst loading of 180 μg cm-2 for graphene and NG samples 

while 36 μg cm-2 for Pt. The RRDE loaded with the catalysts was employed as the 

working electrode, while an Ag/AgCl (saturated KCl) electrode and a Pt foil (0.5 cm 
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× 3 cm) were served as reference electrode and counter electrode, respectively. The 

potential was rescaled to reversible hydrogen electrode, ERHE = EAg/AgCl + 0.0591pH.  

Cyclic voltammograms were carried out in either Ar or O2 saturated 0.1 M 

KOH at 50 mV s-1. The RRDE was measured in 0.1 M KOH with O2 bubbling by 

sweeping the disk electrode potential cathodically from 1.2 to 0 V at 5 mV s-1 while 

the ring potential was kept constant at 1.25 V for oxidizing the HO2- intermediate. 

Regarding the measurement of crossover resistance, the chronoamperometry were 

carried out at -0.57 V by adding a certain amount of methanol into 0.1 M KOH to get 

a final methanol concentration of 0.5 M. The accelerated stability test was conducted 

by cycling potential between 0.4 and 1.0 V vs. RHE for 5000 cycles.  

The number of electrons transferred per oxygen molecule (n) was calculated 

from the Koutecký-Levich (K–L) equation (Equation 3.1), where j is the measured 

current, jk and jd is the kinetic and diffusion-limited current density, respectively, k 

is the rate constant for ORR, F is the Faraday constant (96,485 C mol-1), ω is the 

rotation speed (rpm), is the diffusion coefficient of oxygen (1.9×10-5 cm2 s-1)[249], is 

the bulk concentration of oxygen (1.21×10-6 mol cm-3)[249] and ν is the kinematic 

viscosity of the solution (0.01 cm2 s-1)[250]. The second way to calculate n is to use 

the ring current and the disk current at a specific potential.[251] 

 1
𝑗

= 1
𝑗𝑘
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𝑗𝑑
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Equation 3.1 - Koutecký-Levich equation 

3.1.2. Morphology and Structures 

To increase the active surface area for electrocatalysis of ORR, 3D graphene 

was grown by ambient-pressure CVD of methane on Ni foam.[165] The as-grown 

graphene network was then post-doped using a solid precursor g-C3N4 to enhance 

the doping content of nitrogen. A typical microstructure of NG doped at 800 oC 

(denoted as NG-800) was shown in Figure 3.1. The SEM image (Figure 3.1a) shows 

the interlocked 3D structure of NG with all the NG sheets in good contact with one 

another. Figure 1b shows the morphology of NG sheets with smooth surface and 

electron transparency. The HRTEM image shows that NG consists of mono- to few-

layer NG sheets (Figure 3.1d-e). The hexagonal patterns of graphene were observed 

in NG, indicating that the main carbon sp2 structure of graphene is maintained after 

incorporation of N heteroatom under our doping conditions (Figure 3.1c). Raman 

spectra were taken on NG at the annealing temperature of 700-900 ºC and a pristine 

graphene sample for reference. The pristine graphene spectrum shows only G and 

2D bands at 1583 and 2710 cm-1 without a D peak, implying negligible defect of the 

CVD-grown graphene (Figure 3.1f). In contrast, previous work reported a noticeable 

defect-related D peak for both pristine CNTs and rGO, leading to the hindered 

electron transport compared to the CVD-grown graphene.[242] Raman spectra of 

NGs show a small D peak at 1353 cm-1 attributed to the little structural distortion 

caused by N-doping. The low peak intensity ratio of D band to G band of 0.1-0.2 
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suggests that NG maintains very good crystalline structure in agreement with the 

TEM results. The peak intensity ratio of G band and 2D band reveals that NG has 2-4 

layers.[242] 

 

Figure 3.1 - Morphology and microstructure of N-doped graphene. (a-b) SEM 
images of NG-800 (c) HRTEM images of NG-800, and inset is the fast Fourier 
transform showing hexagonal symmetric structure. (d-e) shows grapheen 
consists of mono- to few-layer NG sheets. (f) Raman spectra of N-doped 
graphene and pristine graphene. 

http://en.wikipedia.org/wiki/Fast_Fourier_transform
http://en.wikipedia.org/wiki/Fast_Fourier_transform
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The surface content and chemical states of N were identified by XPS. The 

survey spectra of NGs clearly show the N peak at around 400 eV in addition to a 

dominant graphitic C peak at 284.5 eV (Figure 3.2). Importantly, no transitional 

metal Ni, Fe and Mn peaks are found in the spectra. The high-resolution asymmetric 

peak of C1s was fitted into a main peak and four additional peaks, which correspond 

to the C=C bond (284.5 eV), C=N bond (285.2 eV), C-C bond (285.5 eV), C-N bond 

(286.2 eV) and C-O bond (286.7 eV), indicating successful incorporation of 

heteroatom N into the graphene hexagonal plane (Figure 3.2).[242]  

 

Figure 3.2 - The XPS analysis of N-doped graphene. (a) Survey scan and (b-d) 
deconvolution of  C 1s peaks of different samples. 
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The deconvolution of N1s XPS peak reveals three different bonding-states of 

N atom at 398.45, 400.06, and 401.20 eV, which are assigned to the pyridinic-N 

(N1), pyrrolic-N (N2), graphitic-Ncenter (N3), respectively (Figure 3.3a and c).[242] 

The graphitic-Nvalley in the valley sites (N4) with binding energy > 402 eV is not 

found in our NGs.[242] The total surface N content as calculated from N/(N+C) 

atomic ratio is higher at lower doping temperature, e.g. the NG-700 oC with 6.3 at.% 

N vs. NG-900 with 1.9 at.%  (Figure 3.3b, Table 3.1). The decrease in N content could 

be ascribed to the removal of some unstable N functional groups like pyridinic-N 

and pyrrolic-N, consistent with previous findings.[242] 900 with the pyrrolic-N 

dominance (Figure 3.3 b, e). 

  N atomic content 
(at. %) 

Relative percent  
(%) 

 N1 N2 N3 Total N1 N2 N3 

NG-700 3.19 2.21 0.90 6.30 50.59 35.14 14.27 

NG-800 4.13 1.59 0.79 6.50 63.50 24.38 12.12 

NG-900 0.70 1.00 0.20 1.90 36.91 52.43 10.66 

NH3-NG-900 0.45 0.10 0.15 0.70 64.62 13.84 21.54 
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Figure 3.3 - X-ray photoelectron spectra of nitrogen-doped graphene. (a-c) NG 
from g-C3N4. (a) High-resolution XPS scan for N 1s core level peaks. The peaks 
are deconvoluted into component curves. (b) N functionality distribution 
obtained from the peak area ratio of N/(N+C). (c) The schematic of different N 
functional groups incorporated in the graphene plane. (d-e) NH3-NG-900. (d) 
High resolution XPS scan for N 1s core level peak. (e) N functionality 
distribution obtained from N/(N+C). 
Table 3.1 - Nitrogen atomic content and relative percent in the various N-
doped graphene. 

3.1.3. Catalytic Activity for Oxygen Reduction Reaction 

The comparison studies of ORR activity among these NGs were performed by 

a rotating ring-disk electrode (RRDE) in O2-saturated 0.1 M KOH. The electrode 
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potential was rescaled to reversible hydrogen electrode (RHE). The peak reduction 

potential for ORR shifts positively for NG compared to the pristine graphene. The 

NG-800 has the most positive peak reduction potential followed by NG-700 and NG-

900 (Figure 3.4a). The NH3-NG-900 has the most negative peak reduction potential 

among these NGs (Figure 3.4c). Figure 3.4b shows the steady-state polarization 

curves for ORR on graphene and NGs. The NG-900 showed a two-step process for 

ORR with the onset potential of about 0.96 V and 0.48 V, respectively. Similar two-

step process occurs on NH3-NG-900 (Figure 3.4d). NG-700 and NG-800 showed a 

one-step process for ORR with onset potential of 1.00 and 1.09 V, respectively. The 

onset potential of NG-800 is very close to that of commercial Pt/C (1.13 V, Figure 

4d), recently reported carbon hybrid catalysts like carbon nanotube-graphene 

complexes (1.05 V) and carbon nanotube/nanoparticles (1.16 V).[242] In addition, 

NG-800 exhibits the highest steady-state diffusion current density. Overall the NG-

800 exhibits the highest activity regarding the most positive onset potential and the 

highest diffusion-limiting current density.  

The cyclic voltammetry results show similar capacitance of the double layer 

at the solid-liquid interface among the studied NG and graphene electrodes, which 

avoids the potential effect of the electrochemical surface area on the performance 

(Figure 3.4e). Another key factor determining the ORR activity is the heteroatom N 

type and its corresponding atomic concentration since the activity contribution 

from trace metals can be excluded in our graphene and NG samples. In our NG 

samples, the contribution of activity comes from at least one of the three N groups 
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(pyridinic-N, pyrrolic-N and graphitic-Ncenter). The determination of exact active N 

species is still impossible unless we can achieve the incorporation of single N 

functional group in the carbon sp2 network. The analysis of the N active site was 

carried out by plotting the onset potential versus the N species concentration in 

Figure 3f. The onset potential shifts more positively along with the increase in 

pyridinic-N content. The limiting current density also increases with the increasing 

of pyridinic-N content. These results seem to suggest that the pyridinic-N is likely 

the most active site for ORR in NG. However, the contribution from pyrrolic-N and 

graphitic-Ncenter site could not be excluded based solely on these results. Notably our 

NG samples exhibit higher ORR activity than those N-doped CNTs with high 

concentration of graphitic-Nvalley, N-doped rGOs and N-doped ordered mesoporous 

graphitic arrays with rich graphitic-N (not distinguishable between Ncenter and Nvalley 

in these two cases), further implying that pyridinic-N is more active than graphitic-

N.[242] Consequently, the highest activity of NG-800 mainly originates from the 

highest concentration (4.1 at.%) of pyridinic-N compared to 3.2 at.% for NG-700, 

0.70 at.%  for NG-900 and 0.45 at.% for NH3-NG-900.  
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Figure 3.4 - Comparison of electrocatalytic activity towards ORR of graphene 
and N-doped graphene. (a)  Cyclic voltammetries of few-layer graphene and N-
doped graphene in O2-saturated (solid) and Ar-saturated (dotted) 0.1 M KOH. 
(b) RDE polarization curves for few-layer graphene and N-doped graphene in 
O2-saturated 0.1 M KOH. Electrode rotation speed 900 r.p.m.; scan rate 5 mV s-

1; room temperature. The ORR activity of NH3-NG-900. (a) Cyclic voltagramms 
with various atmosphere at a scan rate of 50 mV s-1 and (b) polarization 
curves under O2 saturated 0.1 M KOH aqueous solution with a scan rate of 5 
mV s-1.  (e) Cyclic voltagramms under Ar saturated 0.1 M KOH with a scan rate 
of 50 mV s-1, showing similar active surface area for these graphene and N-
doped graphene electrodes. (f) The dependence of onset potential on the N 
functionality distribution. The data of NH3-NG-900 is also included. 

The activity of NG-800 was further evaluated and compared to commercial 

Pt/C (Jonson Matthey, 20%) catalyst. The current density (j) is proportional to the 
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square root of rotating speed (ω) as expected (Figure 3.5a). Subsequent Koutecký-

Levich (K-L) plots j-1 vs. ω-1/2 at the potential range of diffusion-controlled regime 

was plotted (Figure 3.5b). The linearity of the K-L plots suggests first-order reaction 

kinetics toward the concentration of dissolved oxygen.[252] According to the K-L 

equation, the average electron number (ne) transferred when reducing one oxygen 

molecule was calculated to be 3.96-4.05 at the potential ranging from 0.20 to 0.50 

V.[242] The HO2- yield is less than 8% at all potential, decreasing to ~6% at 0.2 V 

(Figure 3.5c). The ne is directly correlated with HO2- yield (ne = 4 - (% HO2-)/50), 

which can be calculated from the disk and ring current in the RRDE system. 

Therefore, ne is obtained to be 3.86-3.88 between 0.20-0.50 V consistent with the 

values calculated from K-L equation (Figure 3.5d). The ne for NG-700, NG-900 and 

NH3-NG-900 is presented in Figure 3.5 e-f. The ORR proceeds mostly via a 4-electron 

pathway on NG-700 while it proceeds via a 2-electron route on NG-900 and NH3-NG-

900. 
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Figure 3.5 – (a-d) Electrochemical activity towards ORR of N-doped graphene 
at 800 oC with a comparison to commercial Pt/C. (a) RDE polarization curves 
for NG-800 at different rotating speed. (b) Koutecky–Levich plots for NG-800. 
(c) RRDE polarization curves and peroxide yield of NG-800 and Pt/C (20%) at 
a rotating speed of 900 rpm. (d) Number of electrons per oxygen molecular 
transferred during ORR. The electrolyte is O2-saturated 0.1 M KOH. The 
polarization scan rate is 5 mV s-1. (e-f) The RRDE measurement of N-doped 
graphene. (e) The yield of HO2- and (f) the number of electron per oxygen 
molecule transferred in ORR. 

The resistance to crossover of methanol was evaluated by adding 0.5 M 

methanol into the electrolyte of 0.1 M KOH. The Pt/C is subjected to 70% loss of 
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current after introduction of methanol as shown in the j-t chronoamperometric 

response (Figure 3.6a), while the current for NG-800 maintains stable, 

demonstrating the high selectivity to ORR for NG-800 electrode. The polarization 

curves in the presence of 0.5 M methanol also show no loss of activity for NG-800 

electrode. In contrast, a methanol oxidation peak for Pt/C electrode appears at 0.92 

V and a drastic negative shift of potential on Pt/C electrode is observed due to mixed 

potential of ORR and methanol oxidation reaction.  

The durability of NG-800 was assessed according to the accelerated 

durability test protocol by continuous cycling the catalysts in the potential window 

of 0.6-1.0 V at 50 mV s-1 under O2 atmosphere for 5,000 cycles. The performance of 

NG-800 increases a little instead of degradation as shown by a little positive shift of 

half-wave potential (E1/2) (Figure 3.6d).  A similar enhancement in E1/2 after cycling 

was observed before with N-doped carbon nanotube/carbon nanoparticle.[253] 

Further advanced surface characterization is required to reveal the mechanism of 

such an activity enhancement. For a comparison, Pt/C experiences a decrease of E1/2 

by 20 mV after similar accelerated potential cycling test (Figure 3.6e). 
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Figure 3.6 - Resistance to methanol poisoning and stability of N-doped 
graphene at 800 oC. (a) Chronoamperometric response of NG-800 and Pt/C 
electrodes at 0.56 V vs. RHE in O2-saturated 0.1 M KOH. The arrow indicates 
the addition of 0.5 M methanol into the O2-saturated electrolyte. (b-c) the RDE 
polarization curves in the presence or absence of methanol for NG-800 and 
Pt/C, respectively. (d) RDE polarization curves of NG-800 before and after 
5000 potential cycles in O2-saturated 0.1 M KOH. The polarization curves were 
measured under 5 mV s-1 with a rotating speed of 900 rpm. (e) The stability of 
commercial Pt/C catalysts. 

3.1.4. Conclusion 

NG can be synthesized by a simple and scalable method of annealing CVD 

grown graphene with g-C3N4 at temperatures from 700-900 ºC. The concentration 

and configuration of nitrogen vary with different growth temperatures. These NGs, 

originated from low defect CVD-grown graphene contain high N concentration up to 

6.5 at.% without sacrificing the quality of graphene. The NG electrodes exhibit high 

activity, long-term stability, and excellent crossover resistance for electrocatalysis of 
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ORR. The activity of NGs is tunable via controlling the nitrogen doping concentration 

and configuration. It was found that NG doped at 800 ºC shows the best ORR 

performance, and exhibit similar onset potential with Pt catalyst. The ORR at NG 

doped at 700 and 800 ºC proceeds via a 4-electron process while it shifts to a 2-

electron process with NG doped at increased temperature of 900 ºC. The analysis of 

our results suggests that the pyridinic-N tends to be the most active N functional 

group to facilitate ORR proceeding at low overpotential. 
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Chapter 4 

Chapter 4 Graphene Heterostructure 

Besides doping graphene, fabricating graphene heterostructures was 

proposed for the bandgap engineering and macroscale applications of graphene. In 

this chapter the development and applications of graphene heterostructures will be 

introduced including graphene heterostructures with 1D materials (CNTs) and 2D 

material (h-BN, MoS2). First the work on heterostructures of graphene and CNTs 

will be discussed, which will involve the growth and characterization of 

heterostructures with good interfacial contacts between graphene and CNTs and 

their applications as field-emitters and double-layer supercapacitors. Furthermore 

the fabrication of the in-plane graphene/h-BN heterostructures via a series of 

lithography and CVD methods were presented. With several characterization 

techniques, it has been demonstrated that the precisely controlled sizes and shapes 

of domains and the sharp graphene/h-BN interfaces were created. Finally, MoS2-
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graphene stacked heterostructure will be discussed and their tailored 

photoluminescence will be analyzed.   

4.1. 3D Graphene-Carbon Nanotube Hybrid Materials 

It is essential to integrate graphene sheets into advanced 3D multifunctional 

architectures for practical macroscopic applications. Although a large number of 

graphene-based macrostructures in different forms have been produced, [115, 147, 

185, 207, 254-256] as studied before, there is still a challenge in realizing the full 

potential of the individual “nanoblock” components while constructing the 

macroscopic structures. The covalent linkage between individuals is a recipe which 

can bring out the best in individuals for macroscopic structures.   

As low-dimensional graphitic materials, graphene and CNTs exhibit 

remarkable properties including high carrier mobility, high electrical and thermal 

conductivity, and high specific surface area.[1, 11, 23, 48, 257-260] Theoretically, it 

has been demonstrated that a covalently bonded graphene/CNT hybrid material 

would extend those properties to three dimensions in energy storage and 

nanoelectronics. [261] Here, I will present a method to prepare high-quality 

graphene with few-walled (one- to three walled) CNTs seamlessly connected via 

covalent bonds. Without sacrificing their standing-alone properties, the ohmic 

interconnected graphene and CNT heterostructures can be produced on porous 

nickel substrates. Also, graphene serves as a linking agent between the CNT–metal 

interfaces so that the electrical power is used efficiently. In addition, the use of 
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porous nickel films improves the surface-area-utilization efficiency of the metal 

substrates. In this research, the CNT–graphene–porous nickel structure has been 

used to fabricate field-emitter devices and double-layer capacitors without any 

post-transfer process being needed.  

4.1.1. Methods 

Synthesis of 3D CNT-graphene hybrids on porous nickel. The procedures 

for the growth of CNT-graphene heterostructures on porous substrates are shown 

in the Figure 4.1. Graphene was grown using the method described in the section 

2.1.3. The catalyst (1.5 nm Fe) and buffer layer (10 nm Al2O3) were deposited in 

series on the both sides of graphene-covered porous nickel by e-beam evaporation 

to increase the amount of CNTs attached to the substrates. [262-263]Recently, other 

protocols have been published that combine CNTs and graphene. [264-265] 

However, using this protocol, the CNT forests raise the Fe/Al2O3 catalyst layer 

during the growth process while the vertically grown CNTs connect to the graphene 

layer through covalent bonds, leading to seamless high-quality CNT–graphene–

metal interfaces.[266] The growth of the CNTs was done at atmospheric pressure. 

The flow rates of ethylene, hydrogen and argon were 100 sccm, 400 sccm and 500 

sccm, respectively. Hydrogen was used as the carrier gas to introduce water vapor 

into the system at a hydrogen flow rate of 10 sccm. [267] The assembled sample was 

annealed in the furnace under the same environment at 750 °C for 3 min before the 

carbon source was introduced. The growth time depended on the CNT forest height 
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that was sought. Typically, a 10 min growth produced a CNT forest with a height of 

~ 35 µm.  

 

Figure 4.1 – Scheme for the synthesis of CNT/graphene heterostructures. (a) 
The porous nickel substrate. (b)  Few-layer graphene is formed on the porous 
nickel by a CVD method. (c) Fe and Al2O3 are sequentially deposited on the 
graphene using e-beam evaporation. (d) A CNT forest is directly grown from 
the graphene surface while lifting the Fe/Al2O3 catalyst layer.[268] 

Field-emission characterizations. Field emission response of the samples 

was characterized in a custom developed system, at a vacuum level of 10-7 Torr. Test 

set-up for all the samples consisted of a parallel plate diode configuration, where 

CNT-graphene-porous nickel samples were made as the cathode and a flattened 

pure Cu sheet (99.99% purity and 0.6 mm thick) was used as the anode. The Cu 

sheet used as the anode was rectangular and twice the size of the cathode to ensure 

that all emitted electrons are collected by the anode. The distance between the 
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anode and the top surface of the CNT-graphene-porous nickel substrate is 650 μm. 

Direct current (DC) voltage and current measurements involved a Keithley 248 high 

voltage supply and 2010 digital multimeter, respectively. Field emission tests in 

pulsed mode were conducted using an Agilent function generator (model 33220A) 

to generate an electrical field, attached a Trek high voltage amplifier (model 

20/20C) and the current was measured through a PEARSON current monitor 

(model 4100, having 1.0 V/A), coupled with an Agilent oscilloscope (model 

MSO6034A). A sine-wave function was applied through the function generator and 

the frequency of the pulsed signal was kept constant at 1 kHz for all the tests. While 

capturing emission images from the devices, a green phosphor coated ITO glass 

replaced the flattened Cu sheet as the anode. 

Double-layer capacitor characterizations. The capacitance measurements 

were studied in a two-electrode system using 6 M KOH solution as the electrolyte. 

The as-grown CNT-graphene-porous nickel structure (1 × 1 cm) was directly tested 

as the electrode. Galvanostatic charge–discharge measurements were done using 

Arbin instruments BT2043. The cyclic voltammetry and electrochemical impedance 

spectroscopy were done using an Autolab workstation (PGSTAT302N). The 

equation, C = 2 (I/m) × (dt/dV), was used to calculate the specific capacitance from 

the slope of the charge–discharge curves (dV/dt), where I is the applied current and 

m is the mass of each electrode. 
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Other characterizations. The Raman spectra were recorded with a 

Renishaw Raman RE01 scope using a 633 nm excitation argon laser. SEM images 

were taken using a FEI Quanta 400 field emission gun scanning electron microscope. 

TEM images were taken using a 200 KV JEOL FE2100 transmission electron 

microscope.  

4.1.2. Morphologies and Structures 

Figure 4.2a shows optical images of porous nickel, graphene–porous nickel, 

and CNT–graphene–porous nickel, respectively. SEM images of CNTs grown on 

graphene–porous nickel are shown in Figure 4.2b–e. Figure 4.2b and c are the 

overviews of the as-grown 3D material, demonstrating an interconnected network 

structure. The surface region of Figure 4.2d is the Fe/Al2O3 catalyst layer that was 

lifted off during the growth of CNTs. Figure 4.2e shows the CNT–graphene interface, 

which is also an enlarged view of the CNT forests. 
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Figure 4.2 – Photographs and SEM Characterization of CNT–graphene hybrids 
synthesized on porous nickel films. (a) Photographs of porous nickel, 
graphene–porous nickel, and CNT–graphene–porous nickel (from left to 
right). (b–e) SEM images of the same samples. (d) Side view of the CNT–
catalyst interface, showing that the catalyst layer was raised up during the 
growth of CNTs. (e) Side view of CNT–graphene interface.  

The high degree of crystallinity of the CNTs was verified by Raman 

spectroscopy in Figure 4.3a, [269-270] showing a strong G peak at 1580 cm–1 and a 

G’ peak at 2620 cm–1. The G/D ratio of the CNTs is 3:1, suggesting the presence of 

few defects. The defects in CNTs are mainly sp3 carbon atoms, which were 

introduced during the growth process and can be evaluated by the D peak.[269] The 

G peak arises from sp2 carbon atoms in CNTs. Thus, comparing the ratio of 

intensities between the graphitic G peak and the defect-induced D peak is an 

efficient way to evaluate the quality of carbon nanotubes.[269] The strong radial 
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breathing mode (RBM) signals in the inset of Figure 4.3g suggest that the diameters 

of the CNTs are small.[266] The HRTEM image in Figure 4.3 b-c indicate that most of 

the as-grown CNTs are single-walled, double-walled, or triple-walled, and the 

diameters are between 3 and 7 nm, which correspond to the Raman spectra.   

 

Figure 4.3 – Raman spectra and TEM images of CNT-graphene 
heterostructures. (a) Raman spectra of CNTs under 633 nm excitation 
wavelengths. Inset: the spectra of RBMs. (b-d) HRTEM images of CNTs grown 
in this work. (b) Single- and double- walled CNTs. (c) Double-walled CNTs. (d) 
Triple-walled CNTs.  

The 3D hybrid material is hydrophobic; the measured water contact angle 

was 135°. After etching and removal of the porous nickel films using a mixture of 

HCl and FeCl3, free-standing 3D CNT–graphene networks were obtained (Figure 

4.4a). The thickness of the sample decreased to 0.8 mm from 1.2 mm after the 
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etching step. The CNTs bundled together due to the solvent-induced bundling effect 

(Figure 4.4b–d).[271] Throughout the etching process, CNTs were not washed away. 

This further confirmed that the CNTs were chemically attached to graphene.  

 

Figure 4.4 - Images of CNT-graphene hybrids after etching porous nickel films. 
(a) A photograph of self-supporting CNT-graphene after etching the porous 
nickel. (b-d) The SEM images of CNT-graphene after etching the porous nickel.  

The effects of the catalyst thickness and graphene on CNTs growth were 

studied. For a convenient comparison, similar growth conditions were used to 

prepare the four samples shown in Figure 4.5a-d. Figure 4.5a-c are the SEM images 

of the samples grown on graphene-porous nickel films, separately using 0.5 nm 

Fe/3 nm Al2O3, 1 nm Fe/3 nm Al2O3 and 1.5 nm Fe/10 nm Al2O3 as the catalysts. 

Few CNTs were observed when the 0.5-nm-thick Fe layer was used as the catalyst 
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(Figure 4.5a). This is due to the rapid deactivation of the catalyst layer. [272] The 

problem was solved by increasing the thickness of the Fe layer from 0.5 nm to 1 nm 

(Figure 4.5b). However, when using 1 nm-thick Fe as the catalyst, CNTs became bent 

during the growth process due to the instability of the Al2O3 catalyst layer. For well-

aligned growth of CNTs on graphene-porous nickel, the optimized catalyst thickness 

was 1.5- nm-thick Fe with 10-nm-thick Al2O3 (Figure 4.5c). Figure 4.5d shows that it 

was difficult to grow the CNTs directly on the porous nickel without the graphene 

layer. Without graphene as the buffer layer on the nickel, the thin catalyst layer 

would likely deactivate due to alloying with nickel. 

 

Figure 4.5 - Effects of the thickness of catalysts and graphene on the CNT 
growth. (a) The SEM image of the obtained sample using 0.5 nm Fe/3 nm Al2O3 
as the catalyst for 5 min growth at 750 °C. (b) The SEM image of the sample 
using 1 nm Fe/3 nm Al2O3 as the catalyst for 5 min growth at 750 °C. In this 
case, CNTs covered almost all the graphene surface. (c) CNTs were aligned well 
even after 10 min growth at 750 °C when a thicker catalyst layer, 1.5 nm Fe/10 
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nm Al2O3, was used. (d) CNTs did not grow well when directly on the porous 
nickel without the previous coverage of graphene layer.  

For some applications, the properties of the devices are closely related to the 

length of the CNTs. In this research, the CNT length can be controllably adjusted 

from 3 μm to 250 μm by changing the growth time.  Figure 4.6 shows the SEM 

images of the obtained samples after separately growing for 1 min, 5 min or 10 min 

using 1.5 nm Fe/10 nm Al2O3 as the catalysts. Fig 4.6a shows that the CNTs rapidly 

grow to ~ 3 μm in 1 min. After 5 min and 10 min growth, the lengths of the CNTs 

were ~ 15 μm and ~ 35 μm, respectively (Figure 4.6b,c). If the growth time was 

further extended to 30 min, ~120 μm-length CNTs were obtained (Figure 4.6d). 

However, during a 30 min growth, the catalyst layer broke and CNTs were bent due 

to losing support from the Al2O3 layer. After 60 min growth, the catalyst was still 

active and the length of obtained CNTs was ~ 250 μm (Figure 4.6e). If the growth 

time was extended to 120 min, no obvious change in CNTs length was observed and 

much amorphous carbon was produced (Figure 4.6f). Apparently after 60 min of 

growth, the catalyst layer lost activity and the carbon sources were mainly 

transformed into amorphous carbon. 
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Figure 4.6 - The SEM images of obtained CNTs at different growth times. a-f are 
1min, 5min, 10min, 30min, 60, and 120min, respectively. The samples were 
grown using 1.5 nm Fe/10 nm Al2O3 as the catalyst. The length of CNTs can be 
adjusted from ~ 3 µm to ~ 250 µm by changing growth time.  

4.1.3. Field-Emission Performance 

CNTs are known for their applications in field-emission devices. [269-270, 

273-278] In this research, we used the CNT-graphene-porous nickel to fabricate 

field-emission devices without needing any etching or post-transfer processing. As 

shown in Figure 4.7a, porous nickel serves as the cathode, graphene serves as the 

linking surface, CNTs are the field-emission emitters and indium tin oxide (ITO)-
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coated glass is used as the anode. Fig. 3b shows the test setup and the inset in Figure 

4.7b is an optical image of a field-emission device. Figure 4.7c presents the emission 

current density as a function of applied voltage in three different devices, S1 (CNT, 

60 min), S2 (CNT, 5 min) and S3 (CNT, 2 min), which are, respectively, made using 

CNTs obtained after 60 min, 5 min and 2 min of growth. The related lengths of CNTs 

are ~250 μm, ~15 μm and ~ 7 μm. From Figure 4.73c, both the emission current 

density and the turn-on field are strongly affected by CNT lengths. The device 

fabricated using 60 min of CNT growth had the best field emission properties, the 

lowest turn-on field and the highest emission current. The turn-on field for S1 (CNT, 

60 min), measured at a current density of 0.01 mA/cm2, is 0.26 V/μm, one of the 

lowest values reported. [269-270, 273-278] For the same device, the current density 

at a field of 0.87 V/μm is 12.67 mA/ cm2, one of the highest reported values, to date. 

[269-270, 273-278] Fowler-Nordheim plots are shown in Figure 4.7d. At least two 

distinct slopes are observed in the plots, often seen in carbon nanotubes and 

attributed to a non-metal-like emission process from discrete energy states4.  The 

corresponding field-enhancement factors (β) were estimated for high operation 

conditions from Fowler-Nordheim plots (Figure 4.7d), ranging from 2700 to 7200.  

The emission properties are also related to the number of CNTs attached to 

the porous nickel through the graphene. When CNTs were grown on only one side of 

the porous nickel instead of both sides, the as-made device demonstrated poorer 

field-emission properties (sample CNT-graphene-porous nickel, blue curves in 

Figure 4.7 e-f) as compared to those of the device made by growing CNTs on both 
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sides of the porous nickel (sample S2, CNT, 5 min, red curves in Figure 4.7c). The 

growth conditions for these two samples were the same. Surprisingly, pristine 

porous nickel also showed some field-emission responses (black curves in Figure 

4.7 e-f). Nickel nanowires are known for their field-emission properties; [279] 

hence, porous nickel surface protrusions may be the source of the field emission. 

After coating the porous nickel with graphene, better field-emission properties were 

observed (red curves in Figure 4.7 e-f). However, the contributions of the porous 

nickel and the graphene to the field-emission response of CNT-graphene-porous 

nickel samples are almost negligible in the applied field regime of the field-emission 

test here. Hence the CNT-graphene-metal hybrid is indeed unique in its 

functionality. 
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Figure 4.7 - Field-emission characteristics of the CNT-graphene-porous 
nickel, graphene-porous nickel and porous nickel electrodes. (a) Schematic 
illustration of the field-emission setup. (b) The test setup for the field-emission 
devices. The inset in the upper right is the photograph of an emitting device. (c) 
Variation of the emission current density as a function of the applied field for S1 
(CNT, 60 min), S2 (CNT, 5 min) and S3 (CNT, 2 min). The inset is the enlarged data, 
from which the turn-on fields are determined at the current density of 0.01 mA/cm2. 
(d) Fowler-Nordheim plots obtained for S1 (CNT, 60 min), S2 (CNT, 5 min) and S3 
(CNT, 2 min). (e) Variation of the emission current density as a function of the 
applied field for porous nickel (blank curve), graphene-porous nickel (red curve) 
and CNT-graphene-porous nickel (blue curve) electrodes. (f) The enlarged figure of 
a. From b, the turn-on voltages of porous nickel, graphene-porous nickel and CNT-
graphene-porous nickel were determined, which are, respectively, 3.26 V/μm, 1.91 
V/μm and 1.14 V/μm at the current density of 0.01 mA/cm2. 
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4.1.4. Capacitive Performance 

To demonstrate the high-quality of the CNT-graphene-porous nickel contact 

interface, the capacitive properties were measured (Figure 4.8). Porous nickel was 

used as the current collector to fabricate an electrochemical double-layer capacitor 

(EDLC) without the need of any post-transfer or post-etching processes. Aqueous 

KOH (6 M) was used as the electrolyte in the measurements. Figure 4.8 

demonstrates that the EDLC made by this CNT-graphene-porous nickel structure 

exhibited excellent double-layer electrochemical performance and high-rate 

performance. Figure 4.8a shows the CVs of EDLC at different scan rates. With an 

increase in scan rate, the current response increased accordingly, without any 

significant changes in the shape of the CV curve, indicating a good rate performance. 

The rectangular and symmetric shape of the CVs was also observed at high scan 

rates of 500 mV/s, supporting the suggestion of low contact resistance for the CNT-

graphene-porous nickel interface. [270, 280-281] 

Figure 4.8b is the Nyquist plot based on a frequency response analysis of the 

frequency range from 1 MHz to 10 mHz. The Nyquist plot is almost a vertical line, 

indicating a nearly ideal capacitive behavior of the EDLC. The inset in Figure 4.8b is 

the magnified data in the high-frequency range and the obvious transition between 

the RC semicircle and the migration of electrolyte corresponds to a resistance of 

1.25 Ω. Figure 4.8c shows the galvanostatic charge-discharge curves at four different 

current densities. The specific capacitance was calculated from the discharge curves 
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with values of 104, 99, 101, and 100 F/g obtained at current densities of 0.2, 0.33, 

0.67 and 1.00 A/g, respectively (Figure 4.8d). The calculated value is about five 

times higher than that of the EDLC fabricated by directly growing CNTs on Inconel 

without graphene as the linking surface4 and is also comparable with the best 

recently reported values of the EDLC made with graphene oxide. [182-183, 282] 

 

Figure 4.8 - Double-layer capacitor performance of the devices fabricated 
using CNT-graphene-porous nickel. (a) CV curves for different scan rates. The 
rectangular shapes indicate the capacitive behavior. (b) Nyquist plot, showing 
the imaginary part versus the real part of impedance. Inset shows the data at 
high frequency ranges. (c) Galvanostatic charge/discharge curves of CNT-
graphene-porous nickel based double-layer capacitor measured in the 6 M 
KOH electrolyte under different constant currents. (d) Various specific 
capacitance versus discharging current density. The device was made by 2 
min-growth CNTs on graphene-porous nickel. 
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4.1.5. Conclusion 

In conclusion, we have shown the controlled growth of 3D CNT-graphene 

seamless hybrids on porous nickel substrates. This metal-graphene-nanotube 

structure overcomes several obstacles that previously hindered the further 

applications of CNTs, including only moderate CNT-metal interfacial contact, low 

surface-area-utilization-efficacy of bulk metals, and post-transfer difficulties. High 

performance field-emission and double-layer capacitor properties were observed 

for these new 3D-structures. 

4.2. Graphene-Boron Nitride Heterostructures 

Although graphene possesses remarkably high carrier mobility at room 

temperature, zero bandgap of graphene will leave it a very low on-off ratio 

measured at about 10 as compared to in the 100s for silicon, and consequently 

limits its application in the high-performance semiconducting devices, such as the 

effective room-temperature field effect transistors (FETs). As a consequence, 

opening and tailoring a bandgap in graphene is in need to fabricate high-

performance devices. Various methods have been developed to open a bandgap in 

graphene.[283],[284],[282, 285-287] One of the most tunable approaches to control 

the semiconducting performance of graphene is the creation of graphene 

heterostructures, which not only result into graphene-based artificial architectures 

that open the bandgap of graphene, but also pave a promising way for the 

development of future flexible 2D electronics and optical devices.  
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h-BN, graphene’s analogue with a lattice constant difference of only 2%, is a 

dielectric with a wide bandgap of up to 5.9 eV. By integrating graphene with h-

BN,[145, 288-292]  one can tailor the graphene transport in terms of mobility, 

ON/OFF ratio,[293] radio frequency[292] and etc. There are two approaches to the 

heterostructure artificially layers: vertically stacking[291] and planar 

structures[145, 294]. With controlled number of layers, ordering of layers and 

manipulation of the positions of the layers, such heterostructures will lead to vast 

applications such as high performance FETs, radio frequency devices and THz 

rectifiers. Our earlier work showed that the vertically stacked graphene and h-BN 

heterostructure superlattice synthesized by using two-step CVD method in which h-

BN is grown on graphene. In this case, the graphene bandgap was induced by an h-

BN substrate; however, the bandgap could not be tuned for graphene electronics. 

For in-plane graphene/h-BN heterostructures, our group has shown previously that 

merging graphene and h-BN via CVD-grown sheets with pools of two could afford 

some control of the material’s electronic properties. [284] Nevertheless, the 

randomly distributed graphene and h-BN domains in the planar heterostructures 

couldn’t contribute to the controllable bandgap favorable for flexible electronics. 

Therefore, an effective method to synthesizing the in-plane graphene 

heterostructures with precisely engineered size and shape of the different domains 

is highly desirable for the fabrication of novel electronic devices with tunable 

electronic performance. 
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4.2.1. Methods 

4.2.1.1. Preparation of graphene/h-BN heterostructures  

Figure 4.9 presents a schematic illustration of the steps in the fabrication of 

planar graphene/h-BN structure landscapes with controlled domain shapes at 

larger sizes (millimeter range). The h-BN layers were grown on copper or nickel 

foils by the CVD method with ammonia borane (NH3–BH3) as the precursor.[39] The 

substrates were annealed at 800 °C for 20 min in 800 mtorr Ar/H2 flow. The furnace 

was then heated to 1,000 °C. Simultaneously, the ammonia borane was sublimed at 

~100 °C with a heating belt and then carried into the reaction region by an Ar/H2 

gas flow (15 vol% H2 balanced by 85 vol% argon). During growth, the Ar/H2 gas was 

kept at ~400 mtorr. The typical growth time for h-BN was 10–30 min. The masks 

required to pattern h-BN films can be made by a laser-cutter (following a deposition 

of 300 nm chromium on them as a protecting layer) with a feature size of ~200 µm. 

Masks prepared by photolithography have a smaller feature size, down to 1 µm. For 

the photolithography approach, photoresist S1813 was directly coated on the as-

prepared h-BN films on copper/nickel foils and subsequently baked at 115 °C for 60 

s. After exposure (Suss Mask Aligner, MKB4), the samples were developed using 

MF319. With masks covering h-BN films, the Phantom III Reactive Ion Etch (RIE) 

System was used to etch graphene/h-BN samples with argon ions. The power and 

argon flow rate were 100 W and 10 s.c.c.m., respectively. The reaction time ranged 

from 10 to 60 s depending on the thickness of the h-BN. The photoresist on the 

copper foil was removed with acetone and Remover PG. We noticed that a longer 
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etching time made it hard to remove the photoresist. A FIB system (FEI 235 Dual-

Beam) was also used to pattern samples without using masks, giving a feature size 

as small as 100 nm. The beam current was ~40 pA. 

The etched samples were transferred to another CVD furnace for the growth 

of graphene. To grow graphene, the temperature was first raised to 950 °C with 10 

torr Ar/H2 gas flow. The Ar/H2 gas was cut off when the temperature reached 950 

°C, and 4 s.c.c.m. CH4 was introduced into quartz for ~10 min for growth of the 

graphene. A fast annealing process was carried out at a rate of 50 °C min−1 under 

the protection of a 500 mtorr Ar/H2 atmosphere. 

 

Figure 4.9 – 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.  

4.2.1.2. Characterization of graphene/h-BN heterostructures  

 A field-emission SEM (JEOL 6500F) was used to characterize the 

morphology of the graphene/h-BN samples. Raman spectroscopy (Renishaw inVia) 

was used for sample analysis with 514.5 nm laser excitation. For Raman mapping, a 
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total of 3,456 spectra (15 µm spacing) were collected for Figure 4.11c and 225 

Raman spectra (4 µm spacing) for Figure 4.11f. XPS (PHI Quantera) was used for 

chemical analysis of the samples using monochromatic aluminium Kα X-rays. Depth 

profiles were performed with an accelerated-voltage 3 kV argon ion beam and an 

alternative mode within an etching area of 2 nm × 2 mm to etch the graphene/h-BN 

films. MultiPak software was used for the data analyses. AFMs (Agilent PicoScan 

5500 and Veeco Digital Instrument Nanoscope IIIA) were used to obtain film 

thicknesses and topographical variations of the samples. The STEM experiments 

were performed with an aberration-corrected Nion UltraSTEM, operating at 60 kV. 

EEL spectra were collected using a Gatan Enfina spectrometer, with an EELS 

collection semi-angle of 48 mrad. The convergence semi-angle for the incident 

probe was 31 mrad. ADF images were collected for a half-angle range of ~86–200 

mrad. 

4.2.2. Morphologies and Structures 

Figure 4.10a shows a photo of an as-prepared graphene/h-BN sample on a 

copper foil. The various patterns (comb, bars and rings) with darker contrast are 

graphene, and the remaining areas are covered by h-BN. Figure 4.10b shows a 

graphene/h-BN comb structure floating in deionized (DI) water after coating with 

PMMA as a supporting layer and etching away the copper substrate using 

10% HNO3. A SEM image of a graphene ring structure surrounded by h-BN regions 

is shown in Figure 4.10c, where the light regions are graphene and the dark regions 

correspond to h-BN. With h-BN as the supporting matrix, the as-prepared 
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graphene/h-BN devices can be transferred to any arbitrary substrate, including 

silica (Figure 4.10d) or polydimethylsiloxane (PDMS) (Figure 4.10e), and the whole 

film containing heterostructure domains remains mechanically intact during 

transfer from the growth substrate. 

 

Figure 4.10 - Creation of millimeter-sized graphene/h-BN in-plane 
heterostructures. (a) 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. (b) Optical image of a graphene/h-BN film 
separated from copper, on water, after coating with PMMA and etching the 
copper foil. (c) SEM image showing an h-BN ring surrounded by graphene. (d-e) 
Graphene/h-BN owl patterns that have been transferred on silica and PDMS, 
respectively. Insets: optical images of individual owls.  

To fabricate the graphene/h-BN patterns with smaller feature sizes, 

photolithography was used to produce masks in various patterns for subsequent 

argon ion etching, as shown in Figure 4.11. Figure 4.11a,d presents SEM images of a 

sketch of an owl (the symbol of Rice University) and an array of circles, made from 
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graphene in plane with h-BN. The darker regions in these SEM images are h-BN 

layers. Figure 4.11b,e presents the corresponding optical images, in which graphene 

is in purple and h-BN in light blue. The thickness of the h-BN layer is controlled by 

the growth conditions to be less than 2 nm. Fracture was rarely observed at the 

interface between the graphene and h-BN, even after transferring the graphene/h-

BN films to other substrates, demonstrating good interfacial continuity between the 

different landscapes. Figure 4.11c,f shows Raman maps of the corresponding 

patterns using the graphene 2D Raman peak at ~2,700 cm−1. Figure 4.11g,h 

presents SEM images of alternating stripes of graphene/h-BN (width of each line, 

~10 µm). Photolithography and argon ion etching can produce a feature size on the 

graphene/h-BN landscape as small as a few micrometres, whereas the FIB method 

provides an alternative direct etching method for the creation of nanoscale patterns, 

feasibly generating line features as small as ~100 nm (Figure 4.11i) 
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Figure 4.11 - Creation of micro- to nanoscaled patterned graphene/h-BN in-
plane heterostructures. (a–c)SEM image, optical image and Raman mapping of a 
graphene/h-BN array of circles, with graphene circles embedded in an h-BN matrix. 
Scale bars, 50 µm. Raman mapping is performed with the 2D peak of graphene at 
~2,700 cm−1.  (a), 50 µm (b) and 10 µm (c). (d-e) SEM images of graphene/h-BN 
stripes. Scale bars, 50 µm (d) and 10 µm (e). (f) SEM image of graphene/h-BN strip 
structure with graded strip dimensions, fabricated by FIB etching of h-BN and 
subsequent graphene growth. The widths of each strip, from top to bottom, are 
1 µm, 500 nm, 200 nm and 100 nm, respectively. Scale bar, 1 µm. 

To characterize the interface between graphene and h-BN, Raman 

spectroscopy, AFM and aberration-corrected scanning transmission electron 

microscopy (STEM) were used. Figure 5a shows the Raman spectra collected from 

the graphene layers, h-BN layers, and also their interface. In the graphene and h-BN 

regions (indicated by black and blue arrows, respectively), the Raman spectra can 

be identified perfectly as pure graphene and h-BN. In the h-BN regions, vibration 

mode E2g was observed, but no peaks from the carbon dopant (D or G peak) were 
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detected, suggesting that there were no carbon impurities doped into the h-BN 

lattice during the growth of graphene. Furthermore, all the intrinsic vibration modes 

from both h-BN and graphene could be found at their interface. 

A further examination of the interface was performed by AFM, as shown 

in Fig. 5c,d. Figure 5b shows an optical image of the graphene/h-BN alternating 

striped film used for AFM characterizations. The height topography and 

corresponding current-sensing image are shown in Fig. 5c,d, respectively. The 

height difference between the graphene and h-BN regions is barely noticeable 

(Fig. 5c, inset), but the graphene and h-BN can be differentiated in the current-

sensing image.  

STEM imaging and elemental analysis with electron energy-loss 

spectroscopy (EELS) provided us with more detail about the interface, as shown 

in Fig. 5e–h. Figure 5e shows a STEM-ADF image of the h-BN/graphene interface 

(slight variation in thickness can be quantified via the image intensity. The bright 

contrast in the graphene region originates from the polymer residuals and 

hydrocarbon contaminations produced during TEM sample preparation. The 

interface can be more clearly observed using EELS.  
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Figure 4.12 - AFM and TEM characterization of graphene/h-BN interfaces. (a) 
Optical image of alternating stripes of graphene and h-BN. (b-C) AFM height 
topography and corresponding current-sensing image of the graphene and h-
BN interface from the area indicated in a. Inset (b): height profile. (d) STEM-
ADF image showing the graphene/h-BN interface. The left part is h-BN and the 
right is graphene. (e-f) EELS mapping of boron and nitrogen from the area 
shown in e. Inset (e): intensity profile along the trajectory in the dashed box, 
showing the sharp interface between the h-BN and graphene. (g) STEM bright 
field (BF) imaging of the graphene/h-BN interface, highlighted by the dashed 
line. The inset is the corresponding FFT diffraction patterns showing the 
diffraction spots from graphene and h-BN. The dashed circle marks the 2.13 Å 
spacing of graphene.  

Figure 5f,g shows the EELS boron and nitrogen spectrum imaging maps for 

the entire area shown in Fig. 5e. Indeed, a sharp lateral interface between the h-BN 
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and graphene layers can be observed in these maps. The intensity line profile 

(Fig. 5f, inset) of the boron map across the interface further shows that the 

sharpness of the graphene/h-BN interface is within 1 nm, corresponding to a single 

pixel in the line scan. The average N/B ratio from the whole h-BN region is 

quantified to be 1.1 ± 0.1 from the EEL spectrum, confirming the stoichiometry of 

the h-BN film. The detailed atomic structure of the graphene/h-BN interface is 

shown in Fig. 5h in a STEM bright-field image, with the position of the interface 

highlighted by a dashed line. The lattice fringes from the h-BN layer are clearly 

visible, although the presence of polymer residuals makes it difficult to directly 

resolve the lattice of graphene from the image. However, the fast Fourier transform 

(FFT) pattern (Fig. 5i) of the image shows the diffraction spots from both graphene 

and h-BN. The dashed circle in Fig. 5i marks the 2.13 Å spacing of graphene, and the 

six h-BN spots can be identified inside the graphene ring. 

4.2.3. Conclusion 

To conclude, we have demonstrated the creation of graphene and h-BN in-

plane heterostructures with controlled domain sizes by using lithography 

patterning and sequential CVD growth steps. Feature sizes as small as 100 nm can 

be fabricated using this approach. Importantly, the shapes of the graphene and h-BN 

domains can be controlled precisely, and sharp graphene/h-BN interfaces can be 

created. Through the appropriate combination of different two-dimensional layers, 

entire devices could be engineered in a single atomic layer. Such hybrid structures 
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will pave the way for the development of future flexible two-dimensional electronic 

and optical devices.[295] 

4.3. Graphene-MoS2 Heterostructures 

Graphene has attracted an abundance of attention in optoelectronic 

applications such as terahertz modulators and ultrafast photodetectors owing to its 

high carrier mobility, quick response time and broad absorption spectrum. [168-

171] Photodetectors are based on transforming light signals into detectable 

electronic signals. However, graphene has 2.3% adsorption of incident white light, 

which leaves graphene-based photodetectors more room to improve. As discussed 

in the Chapter 4, incorporating graphene with other materials into heterostructures 

has demonstrated novel tailored properties. The photoresponse efficiency of 

graphene devices can be enhanced by fabricating graphene stacked heterostructure, 

where graphene acts as a junction.  

Besides h-BN, a variety of layered materials have been already demonstrated 

a range of fascinating physical phenomena, and have also been incorporated into 

create graphene heterostructures.[296-297] Molybdenum disulfide (MoS2), a 

semiconducting analogue of graphene, is a newly emerging 2D material with a direct 

and finite bandgap (1.8 eV between graphene and h-BN), essential for making 

transistors.[298] The structure of monolayer MoS2 is shown in the Figure 4.13. 

Transistors made from mechanically exfoliated MoS2 exhibit a high current on/off 

ratio of 108 and have electron mobility of 200 cm2 V-1 s-1.[298-300] MoS2 can be a 
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good candidate for h-BN to tailor graphene in terms of mobility and on/off ratio 

with less sacrifice of mobility when integrated with graphene. The MoS2 monolayer 

can generate an enormous photoluminescence (PL), which is four times higher than 

its bulk, attributed to the quantum confinement effect related to the transition from 

an indirect bandgap in the bulk to a direct bandgap in the monolayer MoS2. [298-

299, 301-304] MoS2 has been assembled with graphene to fabricate graphene/MoS2 

stacked heterostructures as enhanced photodetectors. [305] However, the study on 

how the graphene-MoS2 stacking fashion affects the PL of the heterostructures is 

still in its infancy. Herein, two types of stacking are discussed, where the graphene 

sheet cover the MoS2 flake fully and partially, respectively.  

 

Figure 4.13 - Structure of monolayer MoS2.[300] 

4.3.1. Methods 

MoS2 samples were synthesized by a CVD method similar to the literatures. 

[306]The typical growth temperature is about 750˚C. The MoO3 precursor is loaded 
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into the center of the furnace while sulfur is located upstream at a low temperature 

zone, where the temperature is about 200 ˚C. The 285 nm SiO2/Si wafer was used as 

the growth substrate, located above the MoO3 powder. 100 s.c.c.m. Ar was used as 

the carrier gas. The CVD furnace is heated up to 750˚C in 15 min, and then kept at 

this temperature for another 15 min for the MoS2 growth, followed by cooling down 

naturally. Graphene samples were synthesized using the method described in the 

section 2.1.1. The as-synthesized graphene (1×1 cm2) was transferred onto 285 nm 

SiO2/Si wafer. Masks prepared by photolithography have a small feature size of 5 

µm. For the photolithography approach, photoresist S1813 was directly coated on 

the as-prepared graphene films on wafer and subsequently baked at 115 °C for 60 s. 

After exposure (Suss Mask Aligner, MKB4), the samples were developed using 

MF319. With masks covering graphene films, the Phantom III Reactive Ion Etch 

(RIE) System was used to etch graphene/h-BN samples with argon ions. The power 

and argon flow rate were 100 W and 10 s.c.c.m., respectively. The reaction time is 

7s. The photoresist on the copper foil was removed with acetone and remover PG. 

Both pristine graphene and patterned graphene samples were transferred onto 

MoS2 flakes which were synthesized on the wafer. 

4.3.2. Morphologies and Structures 

Figure 4.14 shows the SEM images of the synthesized MoS2 flakes on the 

SiO2/Si wafer where isolated triangular MoS2 domains with lateral size between 

micrometers to sub-millimeters can be observed. Figure 4.15a-c shows the optical 
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graphene-MoS2 stacked heterostructures where in some area the graphene sheet 

can be clearly observed to be on the top of the MoS2 flake. Raman and PL 

spectroscopy were performed to evaluate the quality of MoS2 and MoS2-grpahene 

heterostructures shown in the Figure 4.15a-c. Raman and PL spectra were acquired 

from three points: A and B are from the same triangular island which is partially 

covered by graphene. A is not covered by graphene while B is covered by graphene 

and C is from a triangular island fully covered by graphene. Raman spectra shown in 

the Figure 4.15b exhibit two characteristic peaks at 386 and 405.6 cm-1, 

corresponding to the out-of-plane A1g and in-plane E12g modes, respectively. The 

single-layer structure of as-synthesized MoS2 is confirmed according to the peak 

frequency difference between the characteristic E12g mode and A1g mode, which is 

smaller than 20 cm-1. The Raman spectra from points B and C are almost identical to 

that taken from the point A, indicating the introduction of graphene on the top of 

MoS2 does not affect the Raman spectra of the pristine MoS2.  

 

Figure 4.14 - Optical images and SEM images of the as-synthesized MoS2 flakes. 

300 µm 100 µm

a b 



 119 
 

Figure 4.15e shows the two pronounced PL peaks located around 630 and 

675 nm, which correspond to the emission from B and A direct excitonic transitions, 

respectively.  Two peaks were observed at 550 and 570 nm, which originate from 

graphene Raman peaks of G’ and G. The strong PL peak located at 675 nm from the 

point A has an estimated bandgap of 1.84 eV corresponding to the carrier 

recombination across the direct bandgap of single-layer MoS2, verifying the high 

quality of single-layer MoS2. [307] Compared with point A, the PL spectrum at point 

B is quenched. The quenching can be attributed to the metallic nature of graphene 

which harvested the electrons generated from MoS2. When the MoS2 flake is fully 

covered by the graphene layer, most of generated electronic signals from MoS2 were 

transferred to graphene resulting to the strongly quenched PL spectrum at point C. 

Importantly, the PL peak wavelength at point C is strongly red-shifted with the 

bandgap decreased to be 1.78 eV. The red-shift phenomena have been reported in 

the transition from single-layer MoS2 to double-layer MoS2, owing to the known 

direct-to-indirect bandgap conversion.  
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Figure 4.15 – (a-c) Optical images of graphene-MoS2 stacks. Raman and PL 
spectra were acquired from three points: A and B are from the same 
triangular island which is partially covered by graphene. A is not covered by 
graphene. B is covered by graphene. C is from a triangular island fully covered 
by graphene. 488 nm laser line is used for measurement. (d-e) Raman (d) and 
PL (e) spectra from points A, B and c.  
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Chapter 5 

Chapter 5 Graphene-Molybdenum 
Carbide Hybrids 

This chapter introduces the synthesis and characterization of graphene-

molybdenum carbide hybrids and their application as an electrocatalyst for 

hydrogen evolution. 

5.1. General Introduction 

Graphene draws great attention due to its exceptional physical and chemical 

properties.[1, 11, 182, 308-312] Among the diverse techniques for the preparation 

of graphene, CVD has become one of the most promising methods for the production 

of large-scale graphene with high quality and low cost. Most of previous efforts have 

been made on metal substrates for CVD growth of graphene including Cu,[39] 

Ni,[159] Fe,[313] Co, [314] Ru,[36] Ir,[315] Pt,[69] and Au[316]. By virtue of its high 
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surface area and electrical conductivity, graphene has been frequently employed as 

an excellent substrate to host active nanomaterials to make advanced materials for 

energy storage, catalysis and electronic devices. Transition-metal carbides (TMCs), 

especially Fe, Co, Ni, W, Mo, have gained exponentially growing interest because of 

their excellent “noble-metal-like” heterogeneous catalytic activities, especially for 

water electrolysis. To date, TMCs have been prepared mostly by carburization of 

transition metals, metal oxides/nitrides/sulfides, or polyoxomolybdates with 

various states of carbon sources. TMC nanoparticles supported on RGO,[317-318] 

graphene nanoplatelets,[319] or carbon nanotube-graphene hybrids[320] were 

prepared by carburization of the precursors of TMCs on existing graphene supports 

for HER. However, the concurrent synthesis of TMCs and graphene supports has as 

yet been reported. In the present work, we present the first CVD simultaneous 

growth of the graphene-molybdenum carbide hybrid from the MoS2 atomic layer 

which was first used as a catalytic template for the graphene growth. The resulting 

hybrid demonstrates higher HER electrocatalytic activity with much lower 

overpotantial and smaller Tafel slopes compared to the original template MoS2. 

5.2. Methods 

5.2.1. Preparation of Graphene-Molybdenum Carbide Hybrids 

The MoS2 templates with predominant monolayer triangular flakes in the 

size of ~ 150 µm were synthesized using the CVD method with MoO3 and sulfur as 

precursors and SiO2/Si wafer as the substrate at 750 ºC. [306] For the HER 
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measurements, some MoS2 samples grown on wafers were transferred onto the 

glassy carbon electrodes (3*3 mm2) using a standard PMMA-based transfer 

technique, [306] where the samples were spin-coated and submerged in basic 

solutions such as KOH. When the PMMA-MoS2 sample layer floated on surface, the 

membrane was washed for more than 3 times using the fresh DI water. After this, 

the membrane is picked out of the water with the glassy carbon electrode. The 

membrane should be in contact with the glass carbon electrode.  After being dried ~ 

1 day, the grid was soaked in acetone for ~ 4 hours to remove PMMA.  

The hybrids were synthesized using a CVD method. Both the MoS2 samples 

on wafers and glassy carbon electrodes were loaded into the CVD furnace, which is 

pumped down to a base pressure under 10 millitorr. After base pressure was 

achieved, 400 s.c.c.m. flow H2, 500 s.c.c.m flow Ar were simultaneously introduced 

with pressure raised to the ambient pressure. Later, the furnace was heated up to 

750 ºC and the MoS2 samples were annealed in H2/Ar mixture at 750 ºC for 3 

minutes. After annealing, 10 s.c.c.m. C2H4 was introduced to the tube for 5 minutes. 

After exposure to C2H4, the furnace was cooled down to the room temperature in the 

H2/Ar atmosphere. 

5.2.2. Characterization of Graphene-Molybdenum Carbide Hybrids 

A SEM (FEI Quanta 400) was used to study the morphology of graphene-

MoxC samples on SiO2/Si wafers. Raman spectroscopy (Renishaw inVia) was used 

for sample analysis with 514.5 nm laser excitation. Film thicknesses and 
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topographical variations of samples are characterized by AFM (Bruker multimode 

8). XPS (PHI Quantera) was performed for chemical analysis of the samples using 

monochromatic aluminum Kα X-rays and obtained data were analyzed with the 

MultiPak software.   

TEM was employed to study the morphology and crystal structure of the 

graphene-MoxC samples. The TEM experiments were performed on a JEOL 2100F 

microscope operating at 200 kV. TEM samples were prepared using a standard 

PMMA-based transfer (see section 2.1.1.3), where the samples were spin-coated and 

submerged in basic solutions such as KOH. [306] When the PMMA-coated sample 

layer floated on surface, it was scooped into DI water to wash the impurities away. 

The membrane is washed for 6 times using the fresh DI water. After this, the 

membrane is scooped out of the water with the lacy-carbon TEM grid. The 

membrane should be in contact with the TEM grid.  After being dried ~ 1 day, the 

grid was soaked in acetone for ~ 4 hours to remove PMMA. 

The electrochemical characterization of the MoS2 and MoxC-graphene films 

were performed in 0.5 M H2SO4 using a CH Instrument electrochemical analyzer 

(model CHI604D), a Pt-wire counter electrode, a saturated calomel reference 

electrode (SCE), and a glassy carbon (0.09 cm2) working electrode. Nitrogen gas was 

bubbled into the electrolyte throughout the experiment. While all of the 

electrochemical characterization studies were performed using a SCE, the potential 

values mentioned in the electrochemical study are referred to a RHE. Calibration of 

the reference electrode for the reversible hydrogen potential was performed using a 
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Pt disk as a working electrode and a Pt wire as a counter electrode in 0.5 M H2SO4. 

The electrolyte was purged with ultrahigh purity hydrogen (Airgas) during the 

measurement. The potential shift of the SCE is −0.262 V vs RHE. The electrocatalysis 

was measured using linear sweeping from +0.2 to −0.6 V (vs RHE) with a scan rate 

of 5 mV/S. The cycling voltammetry was performed in a range of +0.2 to −0.3 V (vs 

RHE) at a scan rate of 50 mV/s. 

5.3. Morphologies and Structures 

Figure 5.1a presents a schematic illustration of the growth of molybdenum 

carbide-graphene hybrids on atomically thin MoS2 template. The MoS2 templates 

with predominant monolayer triangular flakes in the size of ~ 150 µm were 

synthesized using the CVD method with MoO3 and sulfur as precursors and SiO2/Si 

wafer as the substrate. [306] The hybrid of graphene-molybdenum carbide 

nanoparticles was grown on the as-prepared MoS2 regions at 750 ºC using MoS2 as 

the catalytic substrate and Mo source, C2H4 as the carbon source and Ar/H2 as 

carrier gas (see the Experimental Section for synthetic details). The synthesized 

molybdenum carbide nanoparticles have different stoichiometry, denoted as MoxC. 

Figure 5.1b,c show the SEM images of the resulting MoxC-graphene hybrids. The 

hybrids maintain the triangular shape and size of the reacting substrate MoS2, which 

were at random locations on the wafer. 
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Figure 5.1 - (a) Illustration of the synthesis procedure for graphene-MoxC 
hybrids. The cyan, yellow, and gray spheres represent molybdenum, sulfur 
and carbon atoms, respectively. Steps: preparation of MoS2 atomic layers 
using the CVD method; Simultaneous decomposition of MoS2 and C2H4 and 
growth of MoxC-graphene hybrids. (b-c) SEM images of MoxC-graphene 
hybrids. 

AFM was used to measure the height topography of the MoxC-graphene 

hybrid (Figure 5.2a) showing that MoxC nanoparticles were well distributed on the 

graphene flake. The thickness of the flake is approximately 3 nm, indicating the 

graphene flake is few-layer. The nanoparticles on the top of graphene are at a range 

of up to 5 nm in height. Figure 5.2b shows the zoomed-in height topography of an 

area which was selected from the random area in the triangular region shown in 

Figure 5.1a. The corresponding 3D topography (Figure 5.2c) of Figure 1b clearly 

confirms the existence of nanoparticles. The corresponding phase image (Figure 1f) 
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gives a qualitative comparison between MoxC nanoparticles and the underlying 

graphene flake. The noticeable difference observed between them reveals the 

heterogeneous nature of this particular hybrid material. 

 

Figure 5.2 – (a) AFM image and profile of the MoxC-graphene hybrid flake on a 
SiO2/Si wafer. Solid white line, location of AFM profile. (b) The zoom-in 
topography of an area which was selected from the random area in the 
triangular region shown in (a). The corresponding 3D topography (c) and 
phase image (d) of (b).In-phase mode is a unique mode in Bruker system 
which can discriminate the materials on one surface. However, it cannot give 
quantitative information of each material. It is only good for comparison 
purpose. 

TEM images (Figure 5.3) show that the graphene flake is uniformly decorated 

with Mo2C nanoparticles, which is in agreement with the AFM observation. The size 

of most of particles is smaller than 5 nm. A closer look at the hybrid, Figure 5.3b, 

shows the distinct edges of graphene, which, combined with the two sets of six-fold 

symmetry diffraction spots (shown in the inset), discloses that the synthesized 
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graphene is few-layer. Figure 5.3c shows a high-resolution TEM image of 

synthesized MoxC nanoparticles. The insets reveal two typical types of symmetry 

diffraction spots, the four- and six-fold symmetry diffraction spots, which 

correspond to the two primary crystalline structures of Mo2C, orthorhombic (α-

Mo2C) and hexagonal (β-Mo2C) shown in the Figure 1i.  

 

Figure 5.3 – (a) TEM image of the MoxC-graphene hybrid. (b) HRTEM 
image of graphene. The inset is the fast Fourier transform (FFT) of the image 
(a) showing two sets of six-fold symmetry diffraction spots. (c) HRTEM image 
of the MoxC-graphene hybrid. The insets are the FFT of two MoxC nanoparticles 
showing the four-fold and six-fold symmetry diffraction spots, respectively. 
(d) Two primary crystalline structures of Mo2C: orthorhombic (α-Mo2C) and 
hexagonal (β-Mo2C).  
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Raman spectroscopy reveals the change from the as-synthesized MoS2 to 

MoxC-graphene hybrid (Figure 5.4a). In the hybrid the two characteristic peaks of 

MoS2 at 386 and 406 cm-1 disappeared and the D and G peaks of graphitic materials 

appear at 1344 and 1605 cm-1 instead, indicating that MoS2 was reacted and the 

new polycrystalline graphene formed. The source of graphene formation is from 

C2H4 that is decomposed to form the active carbon species ((CnHy)s) on the catalytic 

MoS2 surface, leading to graphene nuclei. [61, 195] The MoS2-derived graphene does 

not grow in the bare SiO2/Si regions outside MoS2 flakes, indicating that MoS2 flake 

provided a significantly catalytic substrate for graphene formation (Figure 

5.5a).[42]  

 

Figure 5.4 - Raman spectra (a) and XPS survey (b-c) of the as-synthesized MoS2 
and MoxC-graphene hybrid. (d-f) XPS Mo 3d (d), C 1s (e) and S 1s (f) spectra of 
the as-synthesized MoS2 and hybrid.  
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XPS (Figure 5.4e) shows the distinct increase of C 1s intensity implies the 

formation of graphene or MoxC, which is consistent with the TEM and Raman 

observations. Figure 5.4f shows the disappearance of S 1s peak in the hybrid, which 

may be attributed to the dissociation of Mo-S bonds during the hybrid growth. The 

Raman spectra (Figure 5.4b) taken in H2 treated MoS2 (without C2H4 atmosphere) 

and C2H4 treated MoS2 (without H2 atmosphere) show that after the same time 

treatments the characteristic bands of MoS2 still remain in the former while the 

MoS2 signal vanished in the latter. C2H4 was revealed to be the primary role which 

dissociates Mo-S bonds. The resulting Mo acts as a catalyst for graphene growth 

from the initial nuclei; however, it also reacts with the active carbon species to form 

the carbide owing to the strong affinity between Mo and C. [321-322] The 

characteristic Mo 3d5/2 and Mo 3d3/2 peaks of MoS2 are located at binding energies 

229.1 and 232.2 eV for Mo4+ (Figure 5.4d), respectively. The lower binding energies 

228.4 and 231.6 eV are observed in the hybrid, which are assigned to Mo2+. The Mo 

3d peaks of the hybrid are consistent with the carbidic phase, verifying the 

formation of MoxC. The similar observations on the carbide formation have been 

reported during graphene or carbon nanotube growth on transition metal catalysts, 

[323-324] but it is the first time to straightforwardly observe this phenomenon with 

the atomic layered material MoS2.  
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Figure 5.5 – (a) Raman spectra taken at the MoS2 regions and bare SiO2/Si 
regions outside MoS2 flakes. (b) Raman spectra of MoS2, H2-treated MoS2 and 
C2H4-treated MoS2, respectively. (c-d) XPS Mo 3d (c) and S 1s (d) spectra of the 
as-synthesized MoS2 and H2-treated MoS2.  

5.4. Catalytic Activity for Hydrogen Evolution Reaction 

To evaluate the catalytic activity of as-synthesized MoxC-graphene hybrid for 

HER, we transferred MoS2 from SiO2/Si wafers onto the glassy carbon using a 

standard PMMA-based transfer technique, [306] and subsequently we grew the 

hybrid on the same glassy carbon. The evaluation was taken with the same glassy 

carbon with MoS2 before growth and the hybrid after growth in 0.5 M H2SO4 

solution using a typical three-electrode setup (see Section 5.2.1 for details). The 
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polarization curve (i –V curves) (Figure 5.6a) recorded with the hybrid shows a 

much smaller overpotential  for the HER compared with the original MoS2, and the 

cathodic current rose rapidly under more negative potentials. For comparison, we 

also investigated the CVD grown graphene. In sharp contrast, free graphene alone 

shows much lower HER activity compared with both MoS2 and the hybrid (Figure 

5.6a). The linear portions of the Tafel plots were fit to the Tafel equation (η = b log j 

+ a, where j is the current density and b is the Tafel slope), yielding Tafel slopes of 

~115, ~160, and ~150 mV/decade for the hybrid, MoS2, and graphene, respectively. 

From the above, we observed that the catalytic activity was greatly improved after 

the short growth in the carbon feedstock. Here, we contribute the better 

performance of the MoxC-graphene hybrid catalyst in the HER to high catalytic 

activity of MoxC and the strong chemical and electronic coupling between graphene 

and MoxC nanoparticles. The high catalytic activity of MoxC can be attributed to the 

small size and high dispersion of the synthesized nanoparticles, which lead to an 

abundance of accessible surface that could serve as active catalytic sites for the HER. 

The active sites of the hybrid is apparently much larger than the monolayer MoS2 

flake where the limited active edges function as active sites.[325] Electrical coupling 

to the underlying graphene sheets accounts for the rapid electron transport from 

the MoxC nanoparticles to the electrode. The HER results demonstrate the dramatic 

effects of the growth in enhancing the activity of the catalyst.  
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Figure 5.6 – Electrocatalytic activity of MoxC-graphene hybrid towards HER. (a) 
Polarization curves obtained with several catalysts as indicated and (b) 
corresponding Tafel plots recorded on glassy carbon electrodes with a 
catalyst loading area of 0.09 mm2. 

5.5. Conclusion 

In conclusion, we have demonstrated the concurrent growth of MoxC-

graphene hybrid from MoS2 atomic layer template using a facile CVD method. MoS2 

functions as a catalytic template for graphene formation as well as the Mo source for 

MoxC. With high electrochemical surface area and excellent electrical coupling to the 

underlying graphene sheets, the MoxC-graphene hybrid exhibited higher HER 

electrocatalytic activity with much lower overpotential and smaller Tafel slopes 

compared to the original template MoS2, revealing the effectiveness of the newly 

synthesized hybrid. We believe that present synthetic route can be further extended 

to prepare other TMC-graphene hybrid materials with promising application for 
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water electrolysis. Further work is necessary to understand the exact origin of the 

hybrid in order to design advanced materials with better performance. 
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