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formation on the exterior of the enclosure results from free radical deposition on the 

existing graphene flakes from the exterior gas environment. ........................................... 90 

Figure 5.10 A schematic representation of the full vacuum phase and oxidation phase-II before the 

growth cycle-II. (a) The full vacuum step. After shutting down the gas supplies, the system 

pressure starts to drop rapidly, and the rate of surface evaporation on the exterior is 

increased. It causes to decrease in the carbon atom percentage on the outer surface of the 

Cu foil. The interior is in static equilibrium, which encourages the diffusion of carbon and 

oxygen towards the exterior. It removes the additional nucleation sites and carbon on the 

inside surface and helps to suppress the nucleation density as a result. (b) Oxidation phase-

II. At the end of the vacuum step, the carbon-free Cu surfaces oxidized by following the 

same steps as previous. This step is similar to part (c) of Figure 5.9 despite the graphene 

layers formed during the growth cycle-I. After this, the growth process is identical to the 

growth cycle-I (see Figure 5.9c-f). ................................................................................... 93 

Figure 5.11 The optical microscopy images of graphene flakes grown on Cu. This figure includes 

images that were taken from two samples. Figure 5.12a-b shows another sample grown 

under the same conditions. All samples showed similar characteristics. The first sample 

was scanned under different magnifications to study the surface conditions of graphene 

and Cu. (a-c) OM images of sample 1, taken under different magnifications (a) ×5 (b) ×10 

(c) ×50 (d-f) OM images of sample 2, taken under ×5 magnification at different locations 

on the interior surface. All sample surfaces were clean of residue and smooth, which was 

uncommon under different growth methods. More importantly, all samples have a very low 

nucleation density. The chartreuse & blue lines shows the alignment between flakes, and 
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Phase-II: Carbon saturation process. Here the yellow color represents the carbon-free Cu 

strip. (c) Phase-III: 3-D and 2-D graphene growth process. The thick blue arrows on each 

side represent the 3-D graphene growth direction on Ni-foam. The thin blue lines represent 

the saturated carbon flow direction on nickel foam edges and the graphene flake growth 

direction on the Cu strip. ................................................................................................. 109 
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LIST OF ABBREVIATIONS 

 
 

Abbreviation Meaning 

LPCVD Low-pressure chemical vapor deposition 

TEM Transmission electron microscopy 

CMG Chemically modified graphene 

GIC Graphite intercalation compounds 

NMP N-methyl-2-pyrrolidinone 

GO Graphene oxide 

HOPG Highly oriented pyrolytic graphite 

AFM Atomic force microscope 

STM Scanning tunneling microscope 

SEM Scanning electron microscope 

GFET Graphene field-effect transistor 

QHE Quantum hall effect 

MFC Mass flow controller 

ND Nucleation density 

PMMA Poly (methyl methacrylate) 

OM Optical microscope 

DM Digital microscope 

ND Nucleation density 

BP Base pressure 

TP Total pressure 



xxix 

PDMS Polydimethylsiloxane 

PPC Polypropylene carbonate 

PVA Polyvinyl alcohol 

APCVD Atmospheric Pressure CVD 

BLG Bilayer graphene 
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partial surface evaporation in a vacuum at high temperature to develop the growth method. The 

initial findings of this research project were presented at the APS March Meeting in 2019. [2] 

Moreover, I have introduced a wet-dry-transfer technique to transfer residue and a wrinkle-free 

transfer method. The initial observations were submitted to the APS March Meeting (virtual) in 

2020 (the Bulletin of the American Physical Society). [3] 

Chapter 6 presents a study of high crystalline cm-scale CVD graphene growth on copper 

using a Ni-foam enclosure and has obtained cm-scale graphene flakes. Furthermore, this method 

also produces 3D-graphene-Ni-foam as a byproduct, and that considers a high efficient 3D 

electrode in the battery and supercapacitor industry.  

My primary purpose in this research is to develop high-quality single-crystalline graphene 

(SLG) growth methods as a materials grower. Hence, chapters 4, 5, and 6 are interconnected. In 

other words, some of the methods discussed in chapter 4 are also used to develop the growth 

methods discussed in chapters 5 and 6. Also, some of the methods/findings introduced in chapter 

5 have been used to develop the methods discussed in Chapter 6. More importantly, instead of 

repeating some of the sample preparation methods and descriptions, I have given proper cross-

references to chapters 4 and 5 while writing chapters 5 and 6. Furthermore, each chapter (4, 5, and 

6) includes a separate conclusion section that summarizes the findings of the corresponding 

chapter. 
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1.2 Background 

1.2.1 The Grand Origin 

The widely accepted scientific description of the universe is the idea of an evolving 

hierarchical cosmos expanding from the initial hot big bang for more than 13.7 billion years. The 

formation of all the atoms in the universe was made possible after this grand moment, and very 

shortly after the Big Bang, during the period of so-called cosmic inflation, the universe, which was 

filled with highly homogeneous energy, began to increase its volume exponentially, thus reducing 

its energy density.  

 

Figure 1.1 Illustrates the phase transitions that the quark-gluon plasma underwent in the 
early universe, which produces hadrons. These hadrons are the building blocks of all matter in 
the universe, made of up and down quarks. [4]  

 

The universe's temperature decreased many times during this time, and very fast-moving 

solid particles were formed simultaneously. After the end of inflation, the acceleration of the 

universe's growth slowed down, but its expansion never ended. Then quarks, leptons, and gluons 

formed a very dense plasma (as shown in Figure 1.1), which prevented chemical bonds. Due to 
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the gradual expansion and cooling of the universe, quarks and gluons bound to hadrons, [5] and a 

few minutes after the Big Bang, the universe was filled with 75% hydrogen and 25% helium. The 

universe expanded for about 100 million years and atoms, then clustered under gravity to form 

objects similar to today's stars but were much larger and made entirely of hydrogen and helium. 

[6] Nuclear fusion of hydrogen in the stars also formed helium, the concentration of which 

decreased towards the center of the stars. The high temperature and pressure inside the stars have 

allowed nuclear fusion to continue, thus creating new elements, including carbon, as shown in 

Figure 1.2, which is currently the fourth most abundant element in the universe after hydrogen, 

helium and oxygen. 

 

Figure 1.2 The triple-alpha process (Helium fusion), [7] a series of nuclear fusion 
reactions that create carbon (12C) from three alpha particles (helium-4 or 4He).  

 

1.2.2 The Story of Carbon 

1.2.2.1 Discovery and allotropes of carbon 

Carbon is a non-metallic and non-magnetic material that is widely distributed by nature, so 

that it is one of the most basic elements of all organic compounds and thus essential for the origin 

of life on Earth. This fact is strongly related to how carbon combines with other chemical elements 

to form complex molecules. We can see this versatility by comparing it with other chemical 

elements: while oxygen can bond to only two atoms and hydrogen with only one, carbon has the 

possibility of forming up to four bonds with other elements. This fact allows carbon to form a wide 
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in which carbon atoms are arranged in a planar structure of hexagons and rolled into a cylinder 

with a diameter of 1-100 nm, schematically shown in Figure 1.4h. Their properties, i.e., low 

weight, high strength, and conductivity, are suitable for producing light composite materials, 

fabrics, and single-electron transistors. Another modification of carbon is fullerenes, which were 

discovered in 1985. [17] In this case, the carbon atoms are arranged in pentagons and hexagons on 

the surface of an imaginary sphere or ellipsoid. 

 

Figure 1.4 Schematic representation of the Eight allotropes of carbon: (a) diamond, (b) 
graphite, (c) lonsdaleite, (d) C60 buckminsterfullerene, (e) C540 fullerite, (f) C70 fullerene, (g) 
amorphous carbon, and (h) single-walled carbon nanotube. (Image Source: Wikimedia Commons) 

 

The most stable and common fullerene is the C60 molecule (buckminsterfullerene) shown 

in Figure 1.4d, formed by a series of chemical structures with 44 to 90 carbon atoms, while those 

with 60 carbon atoms appearing in greater concentration. The first fullerene was discovered by 

bombarding laser beams on a graphite target at a temperature of 104 0C. [17] When fullerenes 
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nanometers, arranged in a web-shaped structure. In addition to having the least density ever 

reported for a solid, it was observed that this new material could exhibit ferromagnetic and strong 

paramagnetic properties at room temperature. [27-29] 

 

Figure 1.7 A SEM image (taken at 12,000X magnification) of a carbon nano-foam 
produced by the Pulsed laser deposition (PLD) method. [30] 

 

1.2.3 Flatland: The Romance of Two Dimensions 

The turning point in two-dimensional crystals occurred in 2004 when it was possible to 

experimentally separate one layer of graphite with scotch tape and apply it to a silicon substrate. 

[31] Thus, a two-dimensional carbon crystal, graphene, was formed with unique physical 

properties, which became stable due to the slight undulation of its surface. The theoretical 

description of the band structure of graphene was created in 1947 by P. R. Wallace in his work 

focused on the properties of graphite, [32] which later became the basis for the description of the 

properties of carbon nanotubes and fullerenes. Although graphene was previously considered 

impossible, atomically thin fragments of reduced graphene oxide, considered graphene 

monolayers, were produced even before its popular discovery in 2004. [33] However, the 

exfoliation method failed to produce stable graphite layers less than 20 nm thick before 2004. [34] 
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exfoliation: {mechanical cleavage/ wedge-based method, [62] graphite oxide reduction, [63, 64] 

shear exfoliation, [65] liquid-phase exfoliation, [66, 67] sonication-assisted solvent interface 

trapping, [68] electrochemical exfoliation [69]}, hydrothermal self-assembly, [70] Epitaxy: 

{metal-catalyzed (Ru, Ir, Ni, Co, Sn and Cu) chemical vapor deposition (CVD), [1, 44, 71-77] 

epitaxial growth on crystalline surfaces such as silicon carbide (SiC), [78-81] sodium ethoxide 

pyrolysis [82]}, nanotube slicing, [83, 84] the Langmuir-Blodgett method, [85-87] carbon dioxide 

reduction, [88] spin coating, [89] supersonic spray, [90] intercalation, [91-93] pulsed laser 

irradiation, [41, 94] microwave-assisted oxidation [95-98] and ion implantation. [99, 100] 

However, the widely used method in laboratories and the industry to mass-produce large-

area high-quality graphene is the Cu-catalyzed CVD method. In 2009, Xuesong Li et al. [74] first 

introduced the well-known Cu-catalyzed conversion of hydrocarbon precursors into large-area 

graphene films on Cu foils. This method is comparatively advantageous than other available 

methods because it can synthesize mono-layered, [74, 101-103] large area, [104-107] high 

crystalline [108-110], and high mobility [111-113] graphene films. Many efforts have been taken 

to improve this method recently, and it has been led to develop much controllable fabrication 

methods which allow scientists to control the domain shape and size, [109, 114] domain 

orientation, [115, 116] growth rate, [117] layer count (monolayer or bilayer), [109, 118] nucleation 

density, [1, 119, 120], etc.  

In order to synthesize high-efficiency devices, it is vital to maintain high crystalline quality 

in graphene films during the growth process. However, the CVD-grown graphene is generally 

polycrystalline with many grain boundaries. This disrupts the electron transport [121-123] of the 

material, and the biggest challenge is to control the early stages of graphene nucleation and 

ultimately to create a larger area of highly/ monocrystalline graphene. One possible solution is to 
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let nucleation sites form far away from each other and let the graphene grow under strictly 

controlled conditions. Hence, the main idea of this work is focused on improving the production 

of highly/mono-crystalline graphene layers by the method of low-pressure chemical vapor 

deposition (LPCVD).  
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3 GRAPHENE SYNTHESIS METHODS 

3.1 Overview 

 

Figure 3.1 Flow chart of available graphene fabrication techniques. [157] 
 

The growth of a 2D material consisting of a layer with atomic thickness is an extremely 

critical process to control that requires the search for growth methods (Figure 3.1) capable of 

preserving the structural characteristics and consequently the material's properties as the extension 

of the films produced increases. The experimental techniques for graphene synthesis can be 

grouped into two categories: (1) Top-down method (Figure 3.2b), where graphene is obtained from 

massive carbon-based materials such as graphite or graphite oxide. These methods are more 

suitable to industry because they allow a better quality, scalability, and reproducibility of the 

graphene grown. (2) Bottom-up method (Figure 3.2a) where graphene is grown on surfaces from 

carbon-containing precursor molecules, which decompose into carbon radicals and bind with the 

catalyst material of the decomposition reaction, which acts as a substrate or exploits the carbon 

directly present in the growth medium (Ni, Cu, Pt, Co, SiC, etc.). The techniques that we discussed 

in section 1.3, such as mechanical exfoliation and all chemical exfoliation techniques, including 

that of graphite oxide, nanotube slicing, etc. fall into the top-down category while the epitaxial 
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growth of graphene on silicon carbide crystals (SiC) and the CVD method fall into the bottom-up 

category (Figure 3.2). 

 

Figure 3.2 Schematic representation of (a) bottom-up and (b) top-down process of 
graphene synthesis. [158] 

 

3.2 Exfoliation of graphite 

3.2.1 Chemical exfoliation 

3.2.1.1 Water and surfactant solution-based 

The characteristics of a suitable solvent that can be used for the exfoliation of dispersed 

graphite powder are linked to its surface energy which must be compatible with that of graphene 

layers. [159] Since the surface energy of the water is higher than that of graphene layers, it is not 
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suitable for this method; even though water does not have a quite high boiling point and is not a 

source of toxicity for human beings, it is not a good candidate.  

 

 

Figure 3.3 The TEM images of high crystalline graphene flakes prepared by 
water/surfactant method. (a) a monolayer graphene flake with square-shaped debris on the left, 
which contains fewer defects compared to the other exfoliation methods. (b) a bilayer graphene 
flake. The scale bar is 500 nm. [160] 

 

A possible solution could be using aqueous solutions composed of surfactants, which 

lowers the surface tension of the water and makes possible the exfoliation of graphite layers. [160] 

The quality of the graphene crystals/layers is good, with little presence of defects or oxides, despite 

the low yield of single-layer graphene compared to the other solvent-based exfoliation methods. 

[66, 160-162] 

3.2.1.2 Intercalation to produce graphite intercalation compounds (GICs) 

 

 This type of exfoliation is performed by inserting atomic or molecular species, known as 

intercalants, at the interface between graphene layers, forming the so-called graphite intercalation 

compounds due to the interaction between graphene layers and surfactants, as shown in Figure 3.4 

and Figure 3.5 (bottom-right). [163, 164]  
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Scientists were able to produce graphite thin films which have thicknesses of less than 100 

atomic planes. [207] The novel discovery of carbon nanotubes and fullerenes provided new 

inspiration to search for efficient separating graphite layers during the 1990s. In 1999, Rodney S 

Ruoff and collaborators [208-210] used the atomic force microscope (AFM) probe to exfoliate 

columns of highly oriented pyrolytic graphite (HOPG) which is a type of graphite synthesized in 

the laboratory. This could have been the Nobel Prize-winning discovery if they have used proper 

equipment and a correct angle of approach. According to Dr. Ruoff, they have used a scanning 

tunneling microscope (STM), an atomic force microscope (AFM), and a scanning electron 

microscope (SEM) for characterization, which did not allow them to prove or disprove that the 

flakes consist single layers. [210, 211] Dr. Philip Kim and collaborators at Columbia University 

followed a similar approach by creating a nano pencil/AFM probe by adding the columns of 

graphite to the probe and promoting its exfoliation by the contact of the probe with the substrate. 

Flakes with a thickness of about 5 nm, corresponding to approximately ten layers, were obtained. 

[210] Therefore, writing with a pencil could be considered as an immediate example of graphite 

exfoliation. As mentioned at the beginning of section 3.2.2.1, to isolate the graphene flakes, K. 

Novoselov and A. Geim used scotch tape applied to some fragments of HOPG in order to separate 

the crystalline grains. In the mechanical exfoliation process, HOPG is exfoliated in several steps, 

repeating the operation several times with scotch tape to make graphene layers as thin as possible 

as shown in Figure 3.7.  

According to Geim, to obtain samples of a thin sheet of graphene with the high crystallinity 

disclosed, it is necessary to work in a clean environment where the oxidized silicon substrates, 

scotch tapes, tweezers, and graphite flakes are kept clean. This method has been implemented and 

improved by many research groups, and now the method is well known. So, in the first step, the 
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making it economically not viable. As mentioned, catalysts used in the synthesis of graphene by 

the CVD method are mainly transition metals that carbon can diffuse. During the growth of 

graphene at elevated temperatures, carbon atoms deposited on the surface of the catalyst, such as 

nickel, then penetrate deep into the layers of the bulk catalyst (Figure 3.11-top).  

 

 

Figure 3.12 Illustrations of the graphene synthesis process on Ni. (a) Growth on a 
monocrystalline Ni (111) surface gives monolayer graphene. (b) Growth on a polycrystalline 
nickel surface that contains defects and grain boundaries. This gives multilayer and monolayer 
graphene. (c) Optical microscopy image of a graphene/monocrystalline-nickel which related to 
(a) and the inset shows a 3D diagram of monolayer graphene on Ni (111). (d) Optical microscopy 
image of a graphene/ polycrystalline-nickel, which corresponds to (b). The inset represents a 3D 
representation of monolayer and multilayer graphene on the polycrystalline-nickel surface. [259] 

 

Furthermore, the cooling rate is an important parameter that can affect the number of 

graphene layers, as shown in Figure 3.11-bottom. Because, at an improperly selected cooling rate, 

these atoms can return to the surface and thus grow on the opposite side, which is an undesirable 

result to have. So, with a very rapid cooling rate, the carbon atoms do not have enough time to 
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to those reasons, the production process is greatly simplified. At a given pressure and reaction 

temperature, it is not hard to determine the amount of precursor for forming one layer of graphene. 

 

Figure 3.13 Illustration of the significant differences and the growth kinetics during the 
graphene synthesis via (a) precipitation on nickel and (b) by surface-mediated growth on copper. 
[260] 

 

3.3.2.2.1 Step-by-step process of graphene synthesis 

 

Figure 3.14 Schematic diagram of the physicochemical stages of the CVD synthesis (1) 
precursor transport from the bulk gas region into the reactor (2) evaporation of reactant gases (3) 
reactant gases chemically reacts to form immediate reactants and also produces the gaseous by-
products (4) Diffusion of reactant gases from the bulk gas region to the catalyst surface through 
the boundary layer (5) Adsorption of the reactants on the deposition surface of the substrate (6) 
Surface diffusion of reactant gases to growth sites, where nucleation happens and formation of 
graphene islands at the surface (7) Desorption of volatile by-products from the deposition surface 
to the bulk gas region (8) Gaseous by-products move away from the reactor. [261] 
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4 THE ROLE OF SURFACE MORPHOLOGY ON NUCLEATION DENSITY 

LIMITATION DURING THE CVD GROWTH OF GRAPHENE AND THE 

FACTORS INFLUENCING GRAPHENE WRINKLE FORMATION 

 

CVD graphene growth typically uses commercially available cold-rolled copper foils, including a 

rich topography with scratches, dents, pits, and peaks. Even after annealing the foil, the graphene 

grown on this topography tends to include and reflect these topographic features. Further, the 

transfer of such CVD graphene to a flat substrate using a polymer transfer method also introduces 

wrinkles. Here, we examine an electropolishing technique for reducing native foil defects, 

characterize the resulting foil surface, grow single-crystal graphene on the electro-polished foil, 

and examine the quality of the graphene for such defects. 

4.1 Introduction 

Since the first preparation of tiny flakes of exfoliated graphene from graphite, this 2-D 

material has attracted enormous attention due to its unique electrical, chemical, and physical 

characteristics, promising various applications in nano-photonics nano-electronics, and 

optoelectronics. [35, 38, 54, 56, 220, 244, 273-281] For such applications, the desirable features 

of graphene include high mechanical strength, chemical stability, high optical transparency, and 

gate-controllable electrical transport characteristics. [244, 276, 277, 281] It turns out that large-

area graphene can be fabricated by chemical vapor deposition (CVD) techniques on thin metallic 

catalyst surfaces like copper (Cu) or nickel (Ni). Thus, the CVD process has become an attractive 

means for producing large-area graphene due to its simplicity and relatively low cost. [74, 104, 

282] However, one of the significant drawbacks of CVD graphene is grain boundaries, defects, 
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average thickness of the oxide was ~68 nm) for 40 min at 350 0C in the open air. Since we wanted 

to cover the metal surface entirely with oxides to limit nucleation, we have used a longer oxidation 

time. (Because we have noticed the metal surface was not fully covered with CuO when using a 

shorter heating time of less than 40 min). Choudhary et al. (2018) have reported that the formation 

of Cu2O when using temperatures below 330 0C instead of CuO. After passing 330 0C, the CuO 

amount starts to increase, and with a longer annealing time (heated at 350 0C for 3 hrs.), they have 

been able to achieve CuO entirely. [296] Having a high concentration of CuO is beneficial than 

Cu2O since the Cu: O ratio for CuO (1:1) is higher than Cu2O (1:0.5). Lee et al. (2016) have 

reported a result similar to the above group. Additionally, they have discussed the increase of 

penetration depth of O into Cu at 300 0C with increasing oxidization times up to 4 hrs. [297]  

The electropolished- and oxidized- foil were used to create an enclosure by completely 

folding side A and tightly pressing sides B and C (see Figure 4.1). Here, the Cu enclosure creates 

a stable environment, limiting the Cu and Oxygen atom evaporation during the annealing and 

growth process. The inner surface of the foil enclosure, which is the area of interest, was 

characterized by microscopy, as reported below. It has been reported that the effect of oxidized Cu 

enclosures to obtain large single crystals using a cold-wall CVD reactor [298], but here we describe 

a method that can be applied to a commonly used quartz CVD system with a furnace. Also, the 

previous technique has a size limitation with a CVD chamber of 4 inches, but in this work, we 

present a method that can be applied to many available CVD systems without a size limitation. 

With our method, we have obtained a nucleation density (ND) of <10 sites/cm2, while the previous 

work was achieving an ND of 7000 sites/cm2. The folded copper foil enclosure was also used for 

CVD growth. In this case, the folded copper foil was placed inside the quartz tube of the CVD 
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system, and the tube was evacuated to a base pressure of 22 mTorr. Argon gas was fed into the 

quartz tube at a rate of 50 sccm, see Figure 4.2, as the foil was heated to 1000 0C. 

 

 

Figure 4.2 a) A schematic of the CVD tube furnace growth system. b) The graphene growth 
curve. The system base pressure was 22 mTorr, and the total pressure during growth was ~1 Torr. 
 

The foil was then annealed at 1000 0C for one hour. It has been reported that Cu foils were 

subjected to a pre-annealing procedure providing better conditions for graphene growth. [299] In 

the next step, a 20 sccm flow of H2/Ar was introduced into the growth chamber, and after two 

minutes, a five sccm flow of CH4 was introduced into the system to commence graphene growth. 

After one hour, the growth phase was stopped, leaving the system cool down while keeping the 

mentioned flow rates unchanged. 
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Figure 4.3 (a) An AFM image of an as-received industrial Cu foil. Here, the square and 
the circle indicate a valley & a pit, respectively, and the parallel dashed lines indicate cold-rolling 
striations (also for a-g). (b, c) An optical microscope (OM) image of as-received industrial Cu foil 
after graphene growth. Here, the white dashed curves (also for b, c & f) mark grain boundaries 
while the rectangles (also for b-d, f & g) cover the valleys which survived through the growth 
process. (d) OM image of Graphene/SiO2/p-Si (with graphene is grown on received industrial-
Cu) after the wet transfer process. (e) AFM image of an electropolished Cu foil. (f) Optical 
microscope image of graphene on electropolished copper. Notice the star-shaped graphene 
crystallites. (g) Optical microscope image of Graphene/SiO2/p-Si, where the graphene was grown 
on electropolished copper. Compare with Figure 4.3d. (h) An illustration of how wrinkles are 
formed due to an extra graphene area. 
 

Thus, we have implemented a modified electropolishing technique, see Experimental 

Methods, to reduce the native defects observed on the surface of copper foil. Then we have 

examined the resulting surface by AFM to characterize the result. Typically, electropolishing 

reduced cold-rolling striations. This feature can be observed in Figure 4.3e, which shows an AFM 

topography scan of an electropolished copper foil. Here, the cold-rolling striations run parallel to 
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Table 4.1 AFM - Roughness data for as-received (unpolished) and polished Cu foils taken 
at different regions. 
Area = 2500 
(50X50) µm2

 
Before Electropolishing After Electropolishing 

Scan # Rq (nm) Ra (nm) Rq (nm) Ra (nm) 

1 116.841 91.238 65.086 45.375 

2 132.157 108.261 77.660 54.619 

3 147.014 126.483 95.154 78.742 

4 135.418 113.564 84.861 64.032 

5 127.258 98.127 76.035 45.313 

Avg. 131.738 107.535 79.759 57.616 

 

In addition to the effect of surface smoothening, the reduction of the nucleation side density can 

also result from less surface contamination. It removes the first (or more) atomic layers during the 

electropolishing, thus strips out any contamination that would get turned into undesired Carbon 

species upon annealing. While conducting this work, we have observed some surface structures 

like grain boundaries (Figure 4.4a, d, e & f), ripples (Figure 4.4b & c), and cracks (Figure 4.4a, f, 

g & h) on graphene, which formed during the LPCVD process that can help to cause wrinkles in 

graphene after its transfer to a flat substrate. We have performed AFM, OM, and SEM scans on 

those surface areas to identify the factors that lead to the formation of defects and wrinkles in 

graphene. Figure 4.4a shows an SEM image that depicts how the graphene layers are affected by 

the Cu grain boundaries and the crack-like structure on the surface. The yellow arrows indicate the 

grain boundaries, and the square shows the cracks formed during the growth and cooling down 

process. 
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on Cu during the cooling down, which means that when the temperature is reduced under the 

minimum growth temperature for graphene, it is impossible to grow graphene further to eliminate 

those cracks. Such features have been observed in graphene grown on electropolished Cu (Figure 

4.4f) and non-electropolished Cu (Figure 4.4g & h). In addition to that, we have noticed 4-fold 

graphene flakes on Cu instead of the most common 6-fold flakes. Esteban et al. (2013), [304] have 

discussed the reason behind these different shapes in detail. The graphene nucleation, which forms 

on the Cu (100) surface, exhibits square/rectangular shapes, while the nucleation form on Cu (111) 

exhibits hexagonal shapes. 

4.4 Conclusion 

We have aimed to grow single-crystal graphene by LPCVD using oxidized Cu foil 

enclosures as the catalyst substrate. In the process, we have observed large nucleation densities 

and surface defects on the unpolished Cu surface. We figured that the uneven Cu surfaces with 

defects could produce large nucleation densities based on the experimental observations. The 

graphene grown inside those defects helps create wrinkles when such material is transferred to a 

flat substrate. Besides, at a large nucleation density, the graphene flakes nucleated at different sites 

coalesced to produce poly-crystalline graphene. Due to such issues, we have implemented an 

electropolishing technique to smoothen the native surface of the copper foil. 

Further, we have used oxidized Cu foil and enclosures produced from such foil to prevent 

Cu evaporation, reduce the nucleation density and the growth rate. The surface smoothening 

process has reduced the nucleation site formation while limiting the surface defects, which lead to 

wrinkle formation. The annealing process was also helpful to flatten the surface during the growth 

process further. Still, it has introduced Cu grains and associated boundaries, which are difficult to 

prevent due to the conditions related to the LPCVD method. We have also observed that graphene 
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grows across Cu grain boundaries and, in the process, produces an additional surface area for 

graphene growth, which later helps to create wrinkles. Cracks and ripple-like structures were also 

observed, which formed during the post-cooling down process due to different thermal expansion 

coefficients of graphene and Cu. We believe that the introduced electropolishing technique and 

the growth methods may be potentially helpful to synthesize better quality single-to-few layer 

graphene. 
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Figure 5.11 The optical microscopy images of graphene flakes grown on Cu. This figure 
includes images that were taken from two samples. Figure 5.12a-b shows another sample grown 
under the same conditions. All samples showed similar characteristics. The first sample was 
scanned under different magnifications to study the surface conditions of graphene and Cu. (a-
c) OM images of sample 1, taken under different magnifications (a) ×5 (b) ×10 (c) ×50 (d-f) 
OM images of sample 2, taken under ×5 magnification at different locations on the interior 
surface. All sample surfaces were clean of residue and smooth, which was uncommon under 
different growth methods. More importantly, all samples have a very low nucleation density. The 
chartreuse & blue lines shows the alignment between flakes, and it will be discussed in Figure 
5.12. Such features prove the higher quality of the graphene samples. 

(a) (b) 

(c) (d) 

(e) (f) 
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6 High crystalline cm-scale CVD graphene flakes grown on copper using a Ni-foam 

enclosure (Ni/Cu/Ni sandwich) 

6.1 Introduction 

As discussed in previous chapters, having a minimal nucleation density (ND) is the key to 

synthesize better-quality single-crystalline graphene layers on large areas. In previous methods, 

we were able to suppress the ND values lower than ten. However, a further reduction of NDs 

would be beneficial to improve the graphene quality. Also, a shorter and simpler growth technique 

would be more helpful in some situations instead of a long-duration growth process. Moreover, 

we developed a keen interest in high-performance battery and supercapacitor research due to the 

high demand for better power storage. One of the primary materials used in battery and 

supercapacitor making is 3-D graphene nickel foams. This fantastic material can be used as a high-

efficiency 3-D electrode due to its unique properties such as rapid electron and ion transport, large 

electroactive surface area, and excellent structural stability. [320-322] These 3-D graphene layers 

on nickel foam were grown by the CVD method and wanted to start battery/capacitor research by 

growing 3-D graphene as a start. However, we wanted to combine 3-D graphene growth with our 

main requirement of growing single-crystalline graphene on Cu to minimize the cost and save 

time. Hence, we decided to use the gettering carbon diffusion effect of Ni (nickel foam) to capture 

carbon from copper foils.  

Irfan et al. (2017) [323] have used multiple support substrates on the bottom, such as 

quartz/Ni plate/Ni-foam, to grow graphene using the CVD technique in an Ar environment. 

However, the only purpose of the Ni-foam-support in their work was to act as a getter substrate 

that cutting off the bottom carbon supply. However, it does not prevent bi-layer formation due to 

the potential of direct deposit of active radicals on existing graphene layers and has a 
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(a) 

(b) 

(c) 

Figure 6.1 The images of  Ni-foam and graphene/Cu samples at 
different stages of the growth process. (a) The oxidized Ni foam enclosure 
(Ni/Cu/Ni sandwich) just before the growth. (b) The 3D graphene/Ni-foam 
and the graphene/Cu strip after the growth. (c) The flatten graphene/Ni-foam. 
This by-product is reusable for another graphene growth cycle. More 
importantly, this 3D graphene on Ni-foam can be used as a 3-D high-
performance electrode. 
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Figure 6.4 The Cu/graphene foil after post-oxidation (optical visual 
enhancement). (a) The foil contains a cm-scale graphene flake on the right. Red 
arrows mark the sides which touched the nickel pocket edges. Side D is the main 
point of interest. The small graphene regions given by B-F can be avoided by 
preventing those sides from touching the enclosure edges. The blue arrow 
represents the possible growth directions of the hexagonal graphene flake. (b) 
The inset of (a) with a measuring scale. The diameter of the flake is larger than 
1.3 cm. 

(a) 

(b) 
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Figure 6.5 A schematic representation of the 3D-graphene growth mechanism on nickel 
foam and single-crystalline graphene growth on the Cu strip. (a) Phase-I: Self-cleaning process 
and the initial stage of graphene growth. Here, the green and brown colors are used to 
represent the nickel and copper oxides, respectively. The carbon atoms are given by black dots.    
(b) Phase-II: Carbon saturation process. Here the yellow color represents the carbon-free Cu 
strip. (c) Phase-III: 3-D and 2-D graphene growth process. The thick blue arrows on each side 
represent the 3-D graphene growth direction on Ni-foam. The thin blue lines represent the 
saturated carbon flow direction on nickel foam edges and the graphene flake growth direction 
on the Cu strip. 

(a) 

(b) 

(c) 
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their use as a 3-D high-performance electrode for supercapacitors and batteries. Thus, we conclude 

that the method discussed in this work can produce high-quality graphene and is cost-effective. 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



https://www2.kek.jp/proffice/archives/feature/2010/images/StrangeHadronTheory2.jpg
https://universe-review.ca/I13-16-CarbonGen.png
https://universe-review.ca/I13-16-CarbonGen.png


http://faculty.ccbcmd.edu/~cyau/121%2009%20Fig21.jpg
http://www.chemistryland.com/CHM151S/09-CovalentBonds/Covalent.html










https://commons.lib.jmu.edu/cgi/viewcontent.cgi?article=1007&context=photon






https://www.nytimes.com/2007/04/10/science/10grap.html
https://imechanica.org/node/963






125 

258. Yu, Q., et al., Graphene segregated on Ni surfaces and transferred to insulators. Applied 
Physics Letters, 2008. 93(11): p. 113103. 

259. Zhang, Y., et al., Comparison of graphene growth on single-crystalline and polycrystalline 
Ni by chemical vapor deposition. The Journal of Physical Chemistry Letters, 2010. 1(20): 
p. 3101-3107. 

260. Fang, W., et al., A review of large-area bilayer graphene synthesis by chemical vapor 
deposition. Nanoscale, 2015. 7(48): p. 20335-20351. 

261. Elnashaie, S.S., F. Danafar, and H.H. Rafsanjani, Learning Synergism in Nanotechnology 
and Chemical Engineering by Case Study, in Nanotechnology for Chemical Engineers. 
2015, Springer. p. 179-272. 

262. Li, X., et al., Evolution of graphene growth on Ni and Cu by carbon isotope labeling. Nano 
letters, 2009. 9(12): p. 4268-4272. 

263. Clark, J.C. Bond Enthalpies. Molecules 2020 May 18, 2020 06/08/2020]; Available from: 
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook
_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Thermodynamics
/Energies_and_Potentials/Enthalpy/Bond_Enthalpies#:~:text=In%20the%20methane%20
case%2C%20you,kJ%20per%20mole%20of%20bonds. 

264. Avouris, P. and C. Dimitrakopoulos, Graphene: synthesis and applications. Materials 
today, 2012. 15(3): p. 86-97. 

265. Bipasha, A. and S.S. Hossain, Md. Sajibul Alam Bhuyan, Md. Nizam Uddin, Md. Maksudul 
Islam, Ferdaushi. 

266. Somekh, M., E. Shawat, and G.D. Nessim, Fully reproducible, low-temperature synthesis 
of high-quality, few-layer graphene on nickel via preheating of gas precursors using 
atmospheric pressure chemical vapor deposition. Journal of Materials Chemistry A, 2014. 
2(46): p. 19750-19758. 

267. Azam, M.A., et al., critical considerations of high quality graphene synthesized by plasma-
enhanced chemical vapor deposition for electronic and energy storage devices. ECS 
Journal of Solid State Science and Technology, 2017. 6(6): p. M3035-M3048. 

268. Kalita, G. and M. Tanemura, Fundamentals of Chemical Vapor Deposited Graphene and 
Emerging Applications. Graphene Materials-Advanced Applications, 2017. 

269. Kim, H., et al., Modeling of the self-limited growth in catalytic chemical vapor deposition 
of graphene. New Journal of Physics, 2013. 15(5): p. 053012. 

270. Argyle, M.D. and C.H. Bartholomew, Heterogeneous catalyst deactivation and 
regeneration: a review. Catalysts, 2015. 5(1): p. 145-269. 

271. Dossot, M., Handbook of Carbon Nano Materials Volume 7, Synthetic Developments of 
Graphene and Nanotubes. Edited by Francis D'Souza and Karl M. Kadish. World Scientific 
Press, 2016. Pp. 240. Price GBP 195.00, USD 295.00 (for the Volume 7 and 8 set). ISBN 
9789814689175. Journal of Applied Crystallography, 2016. 49(2): p. 718-719. 

272. Rashid, S.A., R.N.I.R. Othman, and M.Z. Hussein, Synthesis, Technology and Applications 
of Carbon Nanomaterials. 2018: Elsevier. 

273. Hernández, S.C., et al., Controlling the local chemical reactivity of graphene through 
spatial functionalization. Carbon, 2013. 60: p. 84-93. 

274. Chen, S., et al., Oxidation resistance of graphene-coated Cu and Cu/Ni alloy. ACS nano, 
2011. 5(2): p. 1321-1327. 

275. De Heer, W.A., et al., Epitaxial graphene. Solid State Communications, 2007. 143(1-2): 
p. 92-100. 

https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Thermodynamics/Energies_and_Potentials/Enthalpy/Bond_Enthalpies#:~:text=In%20the%20methane%20case%2C%20you,kJ%20per%20mole%20of%20bonds
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Thermodynamics/Energies_and_Potentials/Enthalpy/Bond_Enthalpies#:~:text=In%20the%20methane%20case%2C%20you,kJ%20per%20mole%20of%20bonds
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Thermodynamics/Energies_and_Potentials/Enthalpy/Bond_Enthalpies#:~:text=In%20the%20methane%20case%2C%20you,kJ%20per%20mole%20of%20bonds
https://chem.libretexts.org/Bookshelves/Physical_and_Theoretical_Chemistry_Textbook_Maps/Supplemental_Modules_(Physical_and_Theoretical_Chemistry)/Thermodynamics/Energies_and_Potentials/Enthalpy/Bond_Enthalpies#:~:text=In%20the%20methane%20case%2C%20you,kJ%20per%20mole%20of%20bonds








129 

 


