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The unique structure and properties of graphene initiated broad fundamental and 

technological research in recent years, and highlighted graphene as an alternative for 

various applications such as energy storage and nanoelectronics. Chemical vapor 

deposition (CVD) of graphene on copper is believed to be the most promising method for 

large-scale synthesis of continuous sheets. The exceptional properties of graphene 

however, are governed by its microstructure. The size of graphene grains and the grain 

boundaries affect the carrier mobility. Therefore understanding the formation mechanism 

of graphene is critical to control the microstructure and physical properties. We 

implemented Fluorescence Quenching Microscopy (FQM) in conjunction with other 

methods to understand a trend which is pertinent in large-scale. In order to investigate the 

nucleation and growth mechanism of graphene on copper and its subsequent 

microstructure, effect of key parameters such as density of defects in copper foils and 

growth pressure in the CVD chamber have been altered. Results point out that 
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microstructure of copper regulates the structure and properties of graphene and heat 

treatment and electropolishing of the foil substrates as well as controlling the saturation 

pressure of the carbon precursor yield to large graphene domains. 

On the other hand, water decontamination and oil/water separation are principal motives 

in the surge to develop novel means for sustainability. In this prospect, supplying clean 

water for the ecosystems is as important as the recovery of the oil spills since the supplies 

are scarce. Inspired to design an engineering material which not only serves this purpose, 

but can also be altered for other applications to preserve natural resources, a facile 

template-free process is suggested to fabricate a superporous, superhydrophobic 

graphene-based sponge. Moreover, the process is designed to be inexpensive and 

scalable. The fabricated sponge can be used to clean up different types of oil, organic 

solvents, toxic and corrosive contaminants. This versatile microstructure can retain its 

functionality even when pulverized. The sponge is applicable for targeted sorption and 

collection due to its ferromagnetic properties. We hope that such cost-effective process 

can be embraced and implemented widely. 
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CHAPTER 1: INTRODUCTION 

Graphene is a two dimensional carbon allotrope, with carbon atoms packed in a sheet 

with hexagonal lattice [1]. Each carbon atom has sp
2
 hybridization and is bonded to three 

carbon atoms in the structure and the overlap of the remaining p orbitals, results in 

delocalized π bonds. The discovery of graphene was made in 2004 by Andre Geim and 

Konstantin Novoselov at The University of Manchester, and Nobel Prize in Physics 2010 

was awarded to them for groundbreaking experiments regarding the two-dimensional 

material graphene. In graphene, both electrons and holes are considered as charge carriers 

and further mapping of the electronic structure onto the massless Dirac theory proves 

zero effective mass for carriers [2]. The unique electronic structure and exceptional 

electrical, optical, thermal and mechanical properties of graphene, initiated broad 

fundamental and technological research, and highlighted graphene as a new candidate for 

various industrial applications such as field effect transistors, actuators, sensors, solar 

cells and batteries [3]–[5]. For graphene, however, the transition industrial scale relies on 

developing a synthesis method along with a high-throughput, large-scale characterization 

technique. There are several methods developed for graphene synthesis such as chemical 

vapor deposition (CVD), epitaxial growth on silicon carbide and mechanical or chemical 

exfoliation of graphite [3]. Among all methods, chemical vapor deposition using a 

transitional metal (copper) thin foil substrate as catalyst is believed to be the most 

promising process for large-scale industrial synthesis of graphene sheets [6]. After the 

synthesis process, CVD grown graphene layer should be transferred to other substrates, 

SiO2 or glass slides, for further treatment. Defects such as wrinkles, cracks and 
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discontinuity on graphene compromise the expected properties and applications 

consequently. A single sheet of graphene is 0.4 nm thick and only absorbs about 2.3% of 

the incident light [7]. Therefore, visualizing graphene on arbitrary substrates will not be 

applicable with transmission and reflection optical microscopes. Typically, scanning 

electron microscopy (SEM), scanning probe microscopy (SPM), Raman spectroscopy 

and X-ray photoemission spectroscopy (XPS) are used for graphene characterization and 

measurement of different properties including defects, uniformity and Fermi level [8]. 

Moreover, transmission electron microscopy (TEM) has been used to demonstrate the 

atomic structure of graphene [9]. It has been reported that low-energy electron 

microscopy (LEEM) can be implemented for spatially-resolved measurements of 

graphene thickness [9]. Although these techniques can provide sufficient insight about 

the electronic and structural properties of graphene sheets, they are time consuming and 

limited to very small scales. For example, mapping a 1 cm
2
 graphene sample requires 

10000 measurements (1point per 100 µm) which take about 150 hours. For industrial 

applications of graphene, a quick, repeatable and decisive metrology method must be 

developed to allow characterization of entire area or specific regions of interest of 

graphene sheets on glass or SiO2 substrates [9,10]. An alternative for high throughput 

large-scale characterization of graphene is fluorescent quenching microscopy (FQM) [9]–

[12]. FQM  has been widely used in biomedical and materials research and recent 

advances have demonstrated promising potential for characterization of graphene-based 

sheets [8]. FQM has been used by Treossi et al. to visualize graphene on quaterthiphene 

functionalized surfaces. Photoinduced charge transfer from quaterthiphene to graphene, 
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which is a short-range process requiring electronic coupling between donor and acceptor, 

is the cause of quenching the fluorescent emission intensity [8]. On the other hand, Kim 

et al. developed a FQM-based method to visualize exfoliated graphene sheets on arbitrary 

substrates. In this case, a polymer layer doped with fluorescent dyes was applied on 

graphene sheets.  The overlap between the emission spectra of the fluorescent dye 

molecules and the absorption spectra of graphene sheets allows the quenching induced by 

resonance energy transfer at distances exceeding 10nm which is the result of high-

contrast discernibility between graphene sheets and substrate [8]. In general, fluorescent 

quenching microscopy is based on the quenching effect and the energy transfer from the 

dye molecules to graphene (FRET) [13]. The energy transfer results in fluorescence 

quenching of the dye by graphene which depends on the thickness of the dye layer which 

determines the distance between graphene and dye molecules [13]–[16]. By fluorescence 

quenching, the necessary contrast for imaging is provided which makes it possible to use 

ordinary fluorescent microscopes for graphene characterization on arbitrary substrates. 

While the dye is quenched by graphene, the substrate does not quench the dye. Therefore, 

the regions covered by graphene will be seen darker in FQM images [11,12]. 

Furthermore, the imaging time in FQM is relatively shorter [9]–[12]. 

In chapter 2, we discuss a systematic approach to understand the formation mechanism of 

graphene on copper as catalyst substrate. Different growth recipes have been designed to 

synthesize individual graphene embryos as well as continuous graphene-based sheets on 

copper foils. To understand the correspondence of copper and graphene microstructure, 

the effect of foil annealing and electropolishing as well as the saturation pressure of the 
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carbon precursor have been studied and reported. The catalytic role of copper in 

formation of graphene might be explained by thermionic emission. In this regard, the 

surface of copper could be charged at high temperatures. When methane (CH4) molecules 

as the carbon precursor are cracked in the CVD chamber, radicals with intrinsic dipoles 

are formed. The electrostatic interaction between the charged surface of copper with 

carbon containing radicals results in deposition of carbon atoms on substrate surface. 

Graphene is formed and evolved through surface diffusion of carbon atoms. However, 

nucleation of thermodynamically and kinetically stable graphene embryos is still debated 

to be homogeneous and/or heterogeneous. The formation of the first graphene layer on 

copper as a result of the growth of individual graphene embryos and further coalescence 

of these domains as well as the evolution of the latter graphene layers on the first buffer 

layer seems to have both heterogeneous and homogeneous nucleation and growth 

involved. We also describe our efforts to improve the knowhow to achieve large 

graphene domains which can be effectively beneficial for graphene-based device 

fabrication.    

By gaining more pivotal understanding about the formation graphene-based sheets and 

the governing factors to design the synthesis process according to the designated 

priorities, we further expanded our research to develop a novel scalable cost-effective 

graphene-based free-standing architecture as a multifunctional platform for several 

applications.  

In recent years, research converged to develop environmentally and biologically friendly 

porous structures for different applications such as energy storage (batteries [17]–[22] 
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and capacitors [23]–[25]), environmental cleaning [26]–[30], gas sensing and adsorption 

[31]–[33], biological [34]–[37], thermal management [38]–[40] and radiation protection 

and shielding [41], [42]. Carbon-based foams and sponges were found to be significantly 

promising materials for such applications. Different methods have been foreseen and 

established to synthesize the 3-D carbon architectures. Most methods are based on using 

a sacrificial template such as silicon, silicon dioxide, polyurethane (PE), where some are 

designed solely based on chemical reactions such as sol-gel [39], chemical vapor 

deposition (CVD) [27] and complex polymerizations [26]. Despite the promising results, 

the transition of the knowledge and technology from research scale to industry has been 

affected by the cost and complexity of the synthesis process. For instance, the silicon and 

silicon dioxide template has to be removed from the structure by severe treatment with 

hydrofluoric acid (HF) [43]. In many other methods, the precursor materials are 

expensive and difficult to find. Moreover, the process requires very specific instruments 

and conditions. Therefore, the stipulation of an inexpensive, easy to fabricate and 

environmentally friendly structure has been extant. 

In chapter 3, we present our studies aligned to design, synthesize, optimize and 

characterize such structure. We designed a three dimensional graphene-based assembly 

which incorporates micro, meso and macropores. The pores are formed during the 

synthesis which eliminates the urge of a separate chemical activation to enhance the 

surface area. Embracing the multimodal porosity as well as the absence of hydrophilic 

groups on the surface, the graphene-based sponge is a superhydrophic and oleophilic 
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construct. Also, the synthesis process is design to allow in-situ encapsulation of 

ferromagnetic nanoparticles within few layers of graphene in the structure.    
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CHAPTER 2: Nucleation and Growth of CVD-Graphene on Copper: A 

Fluorescence Quenching Microscopy Study 

2.1. Introduction 

Carbon is believed to be the fundamental element of life [44]. The arrangement of carbon 

atoms and the subsequent dimensions define the physical and chemical properties of the 

structure [44]–[46]. Graphene, the building block of graphite, is a single layer of sp
2
 

hybridized carbon atoms arranged in a honeycomb lattice [45]. Graphene is a semi-metal 

or zero band gap and its valance and conduction bands touch at Dirac points [47]. A 

single layer graphene offers exceptional physical properties such as extraordinarily high 

room temperature electron mobility, Young’s modulus and intrinsic strength, and thermal 

conductivity as well as very low optical absorption [48], [49]. Moreover, graphene may 

be readily functionalized according to designated applications. As a result, graphene has 

turned out to be the focal point for research and development for different applications in 

nanoelectronics [48], spintronics [50], [51], energy storage [52], and sensing [53]. Thus 

far, several methods have been reported for graphene synthesis. However, the most 

promising method to produce large scale continuous sheets of graphene is believed to be 

Chemical Vapor Deposition (CVD) on transitional metal substrates as catalysts [49], 

[54]–[59]. To tune the properties of graphene sheets, the defects in the crystal structure 

should be controlled and quantified [60]. For instance, the electronic mobility and 

thermal conductivity depend on the size of graphene domains as well as the density of 

defects such as wrinkles, tears, exposed edges and multi-layer regions [60]. Larger grains 
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yield to less grain boundaries per unit area of graphene which decrease the scattering of 

the carriers (electrons and phonons) and promote the electrical and thermal properties 

[44]. Therefore, all defects are deemed to be avoided. Conversely, defective regions are 

favored in graphene-based sheets for sensing and electrochemical energy storage [52], 

[60]. In this respect, defects promote the evolution of sp
2
 to sp

3
 hybridization and 

dangling bonds which facilitates chemical functionalization and further processing of 

graphene sheets. Hence, tailoring the synthesis of graphene can only be possible by 

revealing the dominant formation mechanism(s). There have been several studies about 

the nucleation and growth of graphene on nickel and copper which are the most 

extensively researched transitional metal substrates for graphene synthesis [61]–[66]. 

Carbon atoms would dissolve and diffuse into nickel at high temperatures due to its high 

carbon affinity. At lower temperatures, however, the carbon affinity decreases and carbon 

atoms start to diffuse out and segregate on the surface of nickel [49], [67]. By controlled 

cooling, graphene patches and layers can be formed on the surface of nickel. On the 

contrary, carbon cannot dissolve in copper and graphene-based sheets form based on the 

surface diffusion of carbon atoms and radicals on copper [59], [67], [68]. In both cases 

the formation of the new phase (graphene) depends on a few parameters such as synthesis 

pressure, flow rate of the carbon precursor as well as the carrier gas, heating and cooling 

regime, and surface profile and properties of the catalyst. A complicated competition 

among the aforementioned factors may activate homogeneous and/or heterogeneous 

nucleation and growth. Different methods can be implemented to observe and determine 

how graphene formation initiates and progresses on a metal catalyst [9]. Raman 
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spectroscopy and mapping [69], [70], Scanning Electron Microscopy (SEM) [60], 

Scanning Tunneling Microscopy (STM) [71], [72], Low Energy Electron Microscopy 

(LEEM) [73], and optical microscopy[74] are the most commonly used techniques. 

However, Raman spectroscopy is limited to a very small scale and Raman mapping will 

require a considerable time to complete [8], [9]. Similarly, it seems to be very difficult to 

quantify the number of stacked graphene layers especially on copper surface by SEM due 

to lack of necessary contrast [9]. STM is limited to nanoscopic scale and covering a large 

area will require numerous scans which is significantly time consuming. Optical 

microscopy can resolve very little details from the sample due to lack of substantial 

contrast since graphene only absorbs 2.3% of light. Oxidation of the copper foil can 

provide more contrast for optical imaging as reported recently [74], [75]. However, 

oxygen plasma or acute oxidation may damage graphene domains. As a result, devising a 

well thought out method to resolve enough details from large graphene-based sheets to 

reveal a conclusive trend in the formation of graphene can be a break through to control 

graphene synthesis. Recently, our group reported high-throughput large-scale metrology 

of CVD-grown graphene using Fluorescence Quenching Microscopy (FQM) [8], [9], 

[12]. In this method, graphene is immobilized on a glass substrate and covered by a thin, 

uniform fluorescent dye layer. Upon exposure to light, the dye is excited and may be 

considered as a donor and graphene as an acceptor. The energy absorbed by the dye is 

transferred to graphene through a long-range interaction known as Forster Resonance 

Energy Transfer (FRET) and the emission intensity of the fluorescent dye will decrease 

dramatically [15], [16]. In contrast, the dye will relax back to its ground state trough 
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radiative decay in the absence of graphene. The fluorescence quenching of the dye in 

presence of graphene will provide a high contrast which makes the imaging of graphene-

based sheets possible with fluorescence microscopy [8], [12].  

Herein, a systematic fluorescence microscopy study of CVD-grown graphene is 

presented in order to understand the dominant mechanisms of nucleation and growth of 

graphene domains on copper. Graphene seeds have been synthesized on treated copper 

foils and have been analyzed directly on copper to correlate the microstructure of the 

substrate with the formed seeds. In addition, continuous graphene sheets have been 

grown on copper as catalyst and transferred onto glass slides to investigate the growth 

mechanism. The fluorescence microscopy is done at relatively low magnifications which 

reveal a conclusive trend in formation of graphene on copper. 

2.2. Results and Discussion 

Formation of graphene-based sheets is based on the nucleation of initial seeds and growth 

of the nucleated domains. In order to understand the mechanism of nucleation and growth 

of graphene on copper substrates, a series of synthesis recipes have been developed and 

optimized to investigate the effects of different competing parameters on graphene 

microstructure. The nucleation mechanism has been explored implementing short time 

growth on non-polished and polished copper foils with (Figure 1(a)) and without pre-

annealing (Figure 1(b)). To discern the effect of oxygen passivation on graphene 

microstructure, mild oxidation has been performed on copper after annealing and prior to 

growth (Figure 1(c)). Growth recipe shown in (Figure 1(d)) has been used to obtain 
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continuous graphene sheets. In this regard, the growth stage has been done at different 

pressures ranging from about 100 mtorr to 700 torr to observe the effect of saturation 

pressure of the carbon precursor as well as the evolution of graphene layers and their 

stacking.  
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Figure 1: Growth recipes used to synthesize: (a) Graphene seeds on non-polished and 

polished copper foil without annealing. (b) Graphene seeds on non-polished and polished 
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copper foil with annealing. (c) Graphene seeds on polished and annealed copper foil. (d) 

Continuous graphene sheets on non-polished and annealed copper foil. 

To correlate the preferred nucleation sites for graphene and the microstructure of copper, 

fluorescence imaging using a thin, uniform layer of fluorescent dye has been performed 

directly on copper. Figure 2(a)-(e) represent the FQM images of graphene seeds formed 

on copper under different conditions described in Figure 1. It appears that without 

electropolishing and annealing of the foil substrate, graphene nucleates mostly along the 

scratches on the surface of the foil as an indication of heterogeneous nucleation (Figure 

2.2(a)). Also, the density of the seeds seems to vary from one copper grain to another. It 

points out that copper grains with higher graphene seeds have a preferred crystallographic 

direction which offers higher coherency and the lowest lattice mismatch with graphene 

lattice [76], [77]. By annealing the copper foil prior to growth, the density of the seeds 

decreases (Figure 2(b)). Annealing process also activates the grain boundaries of copper 

as a secondary nucleation site in addition to the scratches on the surface. Besides, the 

seeds seem to be larger as well. Figure 2(c) shows the dramatic effect of electropolishing 

on graphene formation. Graphene seeds are formed more homogenously throughout the 

surface of copper. In this case, copper has not been annealed before the growth and it 

appears that electropolishing removes the surface scratches and reduces the effect of 

surface roughness on nucleation. Figure 2(d) illustrates the effect of both annealing and 

electropolishing of the foil substrate. It looks as if the growth of the graphene domains is 

preferred rather than formation of new seeds. Moreover, the initial nucleation spots are 

found near copper grain boundaries and twin boundaries as well as within the individual 
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grains of copper suggesting a competition between heterogeneous and homogeneous 

nucleation. Comparing abovementioned FQM images of nucleated graphene domains 

reveal that annealing and electropolishing of copper yield to lower nucleation density as 

well as enlarged graphene seeds. It is believed that annealing of polycrystalline copper 

foils results in recovery of the microstructure, formation of larger grains, and less grain 

boundaries per unit area[78]. Moreover, (100) planes which have four fold symmetry are 

described to be dominating on copper surface after annealing [78], [79]. Accordingly, as 

displayed in Figure 3 four lobed graphene domains are observed with the corresponding 

growth direction which conform to the four fold symmetry of (100) planes of copper 

underneath [66]. The graphene nuclei at the center of the domain can also be visualized. 

Wrinkles in graphene as a result of the difference between thermal expansion coefficients 

of copper and graphene are also shown in Figure 3. Electropolishing of copper foils, 

however, results in a very smooth surface by removing scratches from rolling and cold 

work[80]. Therefore annealing and polishing are assisting more homogenized 

nucleation[80]. Generally, heterogeneous nuclei formation is prevailing due to the 

existing defects in the microstructure such as grain boundaries, twinnings, dislocations, 

impurities and inclusions which reduce the interface specific energy and activation 

energy for nucleation [81]. Consequently, even with annealing and polishing, an ongoing 

rivalry between heterogeneous and homogeneous nucleation on the surface of 

polycrystalline copper is observed.  
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Figure 2: Fluorescence Quenching Microscopy images of graphene seeds on: (a) 

Untreated, (b) Annealed, (c) Electropolished, (d) Annealed and electropolished copper 

foil, (e) Annealed, electropolished and mildly oxidized copper foils. Optical microscopy 

images of graphene seeds transferred onto SiO2/Si substrates: (f) Untreated, (g) 
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Annealed, (h) Electropolished, (i) Annealed and electropolished copper foil, (j) Annealed, 

electropolished and mildly oxidized copper foils. 

To supplement more evidence for the mixed heterogeneous and homogeneous nucleation 

mechanisms, the surface of electropolished and annealed copper has been mildly oxidized 

prior to growth. Figure 2(e) depicts that the nucleation density is increased drastically 

and graphene seeds are smaller compared to when the foil was only polished and 

annealed (Figure 2(d)). Implementing the same growth recipe, the surface of copper 

seems to be covered with quasi-continuous graphene flakes which indicate more 

homogeneity in graphene nucleation. 

 

Figure 3: Expanded view of the part marked by rectangle from Figure 2(d) showing the 

four-lobed structure of graphene seeds grown on annealed and electropolished copper 

foil. 

Typically, the scratches, trenches and grain boundaries offer more readily available 

surface which reduces the specific interface energy for carbon atom clusters to form a 

more stable graphene seed [64], [82]. Graphene nucleates on the surface homogenously 



 

18 

 

as well. However, less stable graphene embryos dissociate as more stable ones nucleate 

and grow [73]. Surface oxidation is reported to passivate the high energy defects where 

carbon atoms prefer to accumulate on and form an embryo [83]–[85]. When the same 

graphene samples are transferred onto SiO2/Si substrates, the optical images confirm the 

trend observed from FQM images. Figure 2(f)-(j) correspond to the identical samples 

shown in Figure 2(a)-(e), respectively. Optical images supplement the transition from 

more heterogeneous to more homogeneous nucleation of graphene when copper foil 

substrates are annealed and polished (Figure 2(f)-(i)). In is possible to distinguish the 

position of copper defects like grain boundaries where graphene seeds are seem to be 

concentrated on the arbitrary substrates. Figure 2(j) demonstrates the effect of defect 

passivation with oxygen which results in homogeneity of nucleation within a grain of 

copper where the seeds are spread evenly with a copper grain. 
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Figure 4: Schematic representation of nucleation and evolution of graphene seeds on 

copper: (a) Different nucleation sites (1) on a grain without defect assistance, (2) along 

steps and terraces, (3) on the edge of steps and terraces with higher coordination, and 

(4) along surface scratches /grain boundaries. (b) (1) Homogeneous, and (2) 

Heterogeneous nucleation of graphene. (c) Heterogeneous nucleation of second 

graphene seeds on the first layer through translated copper defects. 
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Figure 4(a) shows the nuclei formation on copper schematically. Homogeneous and 

heterogeneous nucleation have been schematically represented by sites1on a smooth 

surface and sites 2, 3 and 4 on defects respectively. Sites 2, 3 and 4 (step, edge and 

scratch/grain boundary) are characteristic features of untreated copper foils more 

preferred for graphene nucleation due to lower activation energy. Thus high density of 

small graphene seeds form heterogeneously on defects is high as seen in Figure 2(a). 

Although polishing and annealing copper reduces the density of defects to promote site 1 

for nuclei formation and growth, all defects cannot be removed from a polycrystalline 

metal and homogeneous and heterogeneous nucleation will both remain viable.  As 

carbon is being fed into the system by the precursor, the nucleation and growth of 

graphene seeds continue. It is more probable that the seeds nucleated on site 2 may have 

a better chance to grow rather than site 1 as shown schematically in Figure 4(b). Growth 

kinetics can limit the growth of the formed seeds to allow further nucleation of the 

second graphene layer. In this instance, the activation energy for nucleation is less than 

the activation energy for growth and it is more probable that the new embryos nucleate 

on the already active nucleation sites on defects (Figure 4(c)). 
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Figure 5: Raman spectra multiplot of graphene seeds transferred onto SiO2/Si substrates. 

NA/NP, A/NP,NA/P, A/P, and A/P/Ox represent graphene seeds synthesized on not 

annealed/not polished, annealed/polished, not annealed/polished, annealed/polished, and 

annealed/polished/mildly oxidized copper foils, respectively.        

Table 1: D to G and G' to G peak intensity ratios for graphene seeds synthesized on 

untreated and treated copper foils. 

Cu Treatment 

Conditions 

Not Polished 

Not Annealed 

Not Polished 

Annealed 

Polished 

Not Annealed 

Polished 

Annealed 

Polished 

Annealed 

Oxidized 

IG'/IG 1.036 1.191 1.486 1.770 1.374 

ID/IG 0.954 0.841 0.502 0.837 0.442 

 

To investigate changes in graphene domains Raman spectroscopy has been performed on 

the samples which have been transferred to arbitrary substrates described in Figure 2(f)-
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(j). Figure 5 demonstrates Raman spectra multiplot and the characteristic Raman peaks 

of graphene, D, G and G', can be observed respectively at 1335, 1580 and 2680 cm
-1

 [86]. 

D to G (ID/IG) and G' to G (IG'/IG) peak intensity ratios are summarized in Table 1. It 

appears as if graphene flakes nucleated along the deep scratches on the surface of 

untreated copper foil are consisted of double layer seeds as a result of uncontrolled 

heterogeneous nucleation. Additionally, the ID/IG ratio as well as the presence of D' peak 

centered at 1608 cm
-1

, highlights high degree of disorder in graphene seeds [86], [87]. 

This can also attributed be the diameter of Raman laser probe (0.2 µm) which may be 

larger than individual seeds. Following the trend from ID/IG and IG'/IG, it seems that 

electropolishing and annealing aids the formation of single layer graphene seeds with less 

defects. These defects are the exposed edges of graphene seeds made of sp
3
 hybridized 

carbon atoms which will be reduced as graphene domains enlarge. 
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Figure 6: (a) Raman spectra multiplot of continuous graphene sheets synthesized at 

different growth pressures. (b) Plotted D to G and G' to G peak intensity ratios of 

continuous graphene sheets synthesized at different growth pressures. 
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To perceive the growth mechanism of graphene domains, the recipe shown in Figure 

1(d), was implemented using non-electropolished copper foils to grow continuous 

graphene sheets. Samples were prepared at different growth pressures which define the 

saturation pressure of CH4 as carbon precursor in CVD chamber, and were transferred 

onto SiO2/Si substrates for Raman spectroscopy. According to Raman spectra of 

graphene sheets in Figure 6(a), all samples demonstrate the characteristic peaks of 

graphene and growth under vacuum results in single layer graphene with almost no 

defects such as dangling bonds or sp
3
 hybridized carbon atoms [86], [87]. By tracking the 

relative changes in D, G and G' peaks (Figure 6(a)), growth at higher pressures seems to 

increase the numbers of stacked layers as well as the defects in the structure. Graphene 

sheets grown at 100 and 200 torr seem to be thick with very high density of defects which 

may be an outcome of uncontrolled nucleation and growth of numerous flakes and 

patches [70]. Raman spectra of the samples prepared at 500 and 700 torr seem to be very 

similar to graphite. The G' peaks are broadened and may be splitted to four peaks and 

also shifted to higher wavenumbers [87], [88].     

To supplement the abovementioned Raman spectroscopy observations regarding the 

growth and evolution of graphene, FQM has been used to characterize the same samples 

immobilized on microscope glass slides. Figure 7(a)-(i) show FQM images of graphene 

grown at vacuum, 5, 10, 20, 50,100, 200, 500 and 700 torr, respectively. As predicted by 

Raman spectroscopy, graphene seems to be made of a uniform single layer in vacuum 

(Figure 7(a)). However, the surface is seems to be severely contaminated with spherical 

nanoparticles. 
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Figure 7: Single frame FQM images of continuous graphene sheets transferred onto 

microscope slides synthesized at: (a) Vacuum, (b) 5 torr, (c) 10 torr, (d) 20 torr, (e) 50 

torr, (f) 100 torr, (g) 200 torr, (h) 500 torr, and (i) 700 torr 

To understand the extent of the observed contamination, SEM images have been acquired 

from top (Figure 8(a)) and bottom (Figure 8(b)) sides of the copper foil after growth 

under vacuum. Almost no nanoparticles can be seen on the bottom surface of copper as 

opposed to the top surface which was exposed in the CVD chamber. The nanoparticles 

may have formed by evaporation of copper during annealing and growth followed by 

clustering and solidification of atoms in form of copper nanoparticles covered with 

graphene [89]. It may also include SiO2 flakes and crystals which peeled off from the 

inner surface of the quartz tube after evaporated copper had penetrated between α and β 

quartz crystals on the tube [90].  

 

Figure 8: SEM images of: (a) top, and (b) bottom sides of the copper foil used as 

substrate to synthesize continuous graphene sheets under vacuum demonstrating the 

contaminating spherical nanoparticles on the surface. 
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Growth at 5 torr yields to the nucleation and growth of the second layer of graphene on 

the already formed first layer which is indicated by the contrast in Figure 7(b). As 

previously reported by our group, thicker graphene appears darker in FQM images. When 

the graphene is grown at 10 torr, however, large hexagonal domains appear as the second 

layer continues to spread (Figure 7(c)). Since the formation of the first layer is confined 

by the cubic structure of dominating (100) planes on copper, it is deemed to conform to 

four fold symmetry. The second layer though, is forming on the first graphene with 

hexagonal lattice. Therefore, domains in the second layer can reorient and coalesce to 

create preferred hexagonal domains [73]. The sample synthesized at 20 torr seems to be 

continuous double layer graphene as proposed by Raman peak intensity ratios as well as 

the FQM image (Figure 7(d)). Furthermore, dark lines consisted of graphene patches and 

seeds are seen along the scratches of copper as a typical indication of unpolished foil 

surface. At 50 torr, a thicker graphene is obtained according to the FQM image (Figure 

7(e)) which seems to be consistent with Raman spectroscopy findings. Comparing Figure 

7(e), (f), (g) and (h) infers that synthesis at higher pressures results in thicker graphene-

based sheets with more defects. 
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Figure 9: high magnification (100× objective) FQM images of continuous graphene 

sheets synthesized at: (a) 500 torr, and (b) 700 torr. 

To support the prediction from Raman spectrum of the samples prepared at 500 and 700 

torr, higher magnification FQM images are presented in Figure 9(a) and (b), 

respectively. A thick flaky structure can be observed on both samples. As a showcase to 

demonstrate the capability of FQM to resolve the details of graphene microstructure as 

well as revealing a trend in the formation of the layers at a larger scale, montaged images 

of the samples synthesized at different pressures are displayed in Figure 10 to Figure 18. 
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Figure 10: FQM of large-area continuous graphene immobilized on microscope slide 

and grown under vacuum. 
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Figure 11: FQM of large-area continuous graphene immobilized on microscope slide 

and grown at 5 torr showing the evolution of the second graphene layer being grown on 

the first layer. 
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Figure 12: FQM of large-area continuous graphene immobilized on microscope slide 

and grown at 10 torr showing the evolution of the second graphene layer being grown on 

the first layer. 
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Figure 13: FQM of large-area continuous graphene immobilized on microscope slide 

and grown at 20 torr showing large-area double-layer graphene sample. 
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Figure 14: FQM of large-area continuous graphene immobilized on microscope slide 

and grown at 50 torr. 
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.  

Figure 15: FQM of large-area continuous graphene immobilized on microscope slide 

and grown at 100 torr. 
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Figure 16: FQM of large-area continuous graphene immobilized on microscope slide 

and grown at 200 torr. 
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Figure 17: FQM of large-area continuous graphene immobilized on microscope slide 

and grown at 500 torr. 
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Figure 18: FQM of large-area continuous graphene immobilized on microscope slide 

and grown at 700 torr. 

Since copper foil substrates have not been electropolished and have been annealed only 

for 45 min, graphene seeds and flakes formed along the scratches on copper surface can 

be seen as dark lines on all samples. Moreover, after the dye is spun coat onto graphene, 

it may agglomerate and form spherical particles which have high intensity emission. 

These dye agglomerates are specific artifacts of the FQM method for graphene metrology 
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and may cause dark circular shadows on the images. Despite Raman spectroscopy points 

out the formation of single layer graphene in the sample synthesized under vacuum, 

large-scale FQM image infers that the sample contains flakes and seeds of the second 

layer being formed (Figure 10). The evolution of the second layer on the first graphene 

sheet on a large-area graphene sample grown at 5 torr can be observed in Figure 11 

which can support the hypothesis of heterogeneous nucleation of graphene seeds along 

the defects of copper which are translated to the first grown layer. The hexagonal 

graphene domains as a result of reorientation of the flakes can be identified along the 

large-area graphene synthesized at 5 and 10 torr (Figure 12). Figure 13, which 

corresponds to the growth at 20 torr, demonstrates high quality continuous graphene 

sheet consisted of mostly two layers (according to Raman spectra) and few multilayer 

flakes. As shown in Figure 14, Figure 15 and Figure 16, higher growth pressure (50, 

100 and 200 torr, respectively) results in more defects in the samples. However, they 

seem to be consisted of few layers graphene. According to the high  contrast between the 

samples and the substrates as well as the Raman spectra, graphene synthesis at 500 and 

700 torr seem to yield multilayer graphitic sheets (Figure 17 and Figure 18).       
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Figure 19: (a) FQM image of large-scale graphene sample grown on annealed, non-

polished copper foil. (b) Single frame FQM image of the same graphene sample from 
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part (a). (c) Optical image from the surface of an untreated copper foil. (d) Optical 

image from the surface of an annealed, non-polished copper foil. 

Since the pattern of grain boundaries seen in Figure 7(d) is very similar to the 

microstructure of annealed copper foil, the growth recipe was modified to synthesize 

continuous graphene at 20 torr on non-electropolished foil substrate after annealing it at 

975 °C for 150 min. Figure 19(a) shows large area FQM image of the grown graphene 

immobilized on microscope slide. The grain boundaries of graphene can clearly be 

noticed even at very low magnification. A single frame FQM image of the same sample 

(Figure 19(b)) unveils more details about the correlation of copper foil and graphene 

microstructures. Large graphene domains as well as patches of multilayer sheets on the 

grain boundaries and along lines which correspond to the scratches on foil surface can be 

observed. However, comparing this structure to that of untreated and annealed copper 

foils illustrated in Figure 19(c) and (d) respectively, suggests that graphene mimics the 

microstructure of copper. For that reason, controlling the microstructure of copper may 

be the most effective factor to govern graphene microstructure. 
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Figure 20: (a) Steady-state fluorescence spectra multiplot of the fluorescent dye on bare 

microscope slide and on continuous graphene samples synthesized at different growth 

pressures. The hollow arrow points out the descending trend of the emission intensity of 

the dye on thicker graphene grown at higher pressures. (b) Maximum fluorescence 

intensity of the fluorescent dye versus graphene growth pressure to summarize part (a). 

It has been reported that higher concentration of chemically exfoliated graphene and 

graphene oxide results in higher fluorescence quenching [91]. As yet, there has been no 
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fluorescence study explaining the darker appearance of thicker graphene (more stacked 

layers) in FQM which provides the contrast for imaging. To better understand the effect 

of growth pressure on the thickness of the graphene, large area samples were synthesized 

at different pressures and transferred onto microscope slides for fluorescence emission 

spectroscopy. Figure 20(a) is the multiplot of fluorescence emission spectra of the 

samples. When fluorescence emission of the fluorescent dye is compared to that of dye 

on graphene, a dramatic drop of intensity is clearly observed as expected. However, a 

trend can be conceived when the maximum intensities of the emission spectra against 

growth pressures are plotted (Figure 20(a)). It appears as if higher growth pressure yields 

to more fluorescence quenching. As demonstrated by Raman spectroscopy and FQM, the 

number of graphene layers increase with growth pressure. Thus more energy is 

transferred to thicker graphene which validates the darker appearance of graphene in 

FQM. Accordingly by obtaining a calibration curve of fluorescence emission intensity 

against known number of graphene layers, the number of layers in an unknown graphene 

sample might be estimated. This concept may also be used to translate the FQM images 

of large-area CVD-graphene into corresponding maps showing the exact number of 

layers throughout the whole sample.                                      
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2.3. Experimental Section 

2.3.1. Graphene synthesis 

2.3.1.1. Graphene seeds 

25 µm thick copper foil was used as catalyst substrate. The foil was cleaned and rinsed 

with deionized water, acetone and isopropanol. After drying with N2, the foil was 

electropolished and loaded into a horizontal quartz tube. Samples were also prepared 

without electropolishing for comprehensive study. The CVD chamber was sealed and 

vacuumed to about 100 mtorr. The pressure was stabilized at 15 torr by flowing a mixture 

of 100 sccm H2 and 400 sccm Ar. The furnace was heated up with the rate of 25 °C/min 

to 975 °C and the foil was annealed for 150 min. The temperature was ramped up quickly 

to 1000 °C and a mixture of 15 sccm CH4 and 100 sccm H2 was used for 25 sec to grow 

graphene seeds. After the growth, the chamber was subjected to a mixture of 100 sccm 

H2 and 400 sccm Ar and was cooled down rapidly to room temperature. To complement 

the study, samples were synthesized without the annealing step. In addition, other 

samples were prepared by mild oxidation of copper using a mixture of 10 sccm O2 and 10 

sccm Ar just before growth. Finally, the chamber was purged with Ar to atmospheric 

pressure.        

2.3.1.2. Continuous graphene sheets 

To synthesize the continuous graphene sheets, same cleaning process was applied on 25 

µm thick copper foil substrate. After loading the foil into the tube furnace and evacuating 
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the CVD chamber, the temperature was ramped up to 1000 °C with the rate of 25 °C/min 

in a mixture of 100 sccm H2 and 400 sccm Ar. The pressure was then adjusted to the 

desired value ranging from about 100 mtorr (close to vacuum) to 700 torr (close to 

atmospheric pressure). The foil was annealed at 1000 °C for 45 min. The graphene 

growth was done using a mixture of 15 sccm CH4 and 100 sccm H2 for 15 min. After the 

growth, the chamber was subjected to a mixture of 100 sccm H2 and 400 sccm Ar and 

was cooled down rapidly to room temperature. Finally, the chamber was purged with Ar 

to atmospheric pressure. 

2.3.2. Electropolishing of copper foils 

25 µm thick copper foils were polished as anode in an electropolishing solution 

containing 1000 mL of water, 500 mL of ortho-phosphoric acid, 500 mL of ethanol, 100 

mL of isopropyl alcohol, and 10 g of urea. The polished copper substrates were rinsed 

with deionized water and isopropanol and dried with N2 respectively. 

2.3.3. Dye preparation and coating 

The fluorescent dye solution was prepared by dissolving 1 wt% Poly(methyl 

methacrylate) (PMMA, Mw = 120 000) and 0.01 wt% 4-(dicyanomethylene)- 2-methyl-

6-(4-dimethylaminostyryl)-4H–pyran in toluene (>99.5%). The solution was sonicated 

for 10 min before being implemented. The dye solution was passed through a 0.22 µm 

filter to eliminate dye agglomerates. Finally, the dye solution was spun-coat on to the 

samples at 3000 rpm for 60 sec. The samples were stored under vacuum for a few hours 

to evaporate the solvent completely. 
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2.3.4. Graphene FQM imaging 

2.3.4.1. FQM imaging of graphene seeds on copper 

Graphene seeds were imaged directly on copper without further transfer to arbitrary 

substrates. The fluorescence imaging was carried out using a BD Pathway 855 HT 

confocal microscope equipped with an arc lamp. The light path consisted of 470/40 nm 

excitation filter, GFP-TRITC520 nm dichroic mirror, and LFP440 nm emission filters. 

The images were acquired using a CCD camera through an Olympus 100× immersion-

based objective.   

2.3.4.2. FQM imaging of continuous graphene sheets on glass slides 

Continuous graphene sheets were immobilized on clean microscope slides. Synthesized 

graphene was covered with PMMA and copper foil was etched away using 0.2 M 

ammonium persulfate solution. PMMA-covered graphene was washed several times with 

deionized water and transferred onto microscope slides. The PMMA layer was removed 

with acetone and isopropanol. The fluorescence imaging was carried out using a BD 

Pathway 855 HT confocal microscope equipped with an arc lamp. The light path 

consisted of 470/40 nm excitation filter, GFP-TRITC520 nm dichroic mirror, and 

GFP520/35 nm emission filters. The images were acquired using a CCD camera through 

an Olympus 20× objective. By means of a built-in module of the microscope, a series of 

images were captured and montaged together to cover the whole graphene sheet. All 

montaged images were processed with a custom script in MATLAB to correct the 

Gaussian intensity distribution throughout the entire image.                       



 

46 

 

2.3.5. Fluorescence emission spectroscopy of continuous graphene sheets on glass 

slides 

Large-area continuous graphene sheets (1 cm
2
) synthesized at different pressures were 

transferred onto clean microscope slides. Steady-state emission spectra of the samples 

were recorded using a FluoroLog-3 spectrofluorometer (Horiba, Jobin Yvon) equipped 

with double grating monochromators and a TBX single-photon-counting detector. 
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CHAPTER 3: Scalable Multifunctional Graphene-based Sponge: Free-

standing, Superporous, Superhydrophobic, Oleophilic Architecture 

with Ferromagnetic Properties for Environmental Cleaning 

3.1. Introduction 

Over the past decades, alarming consumption of earth’s resources and subsequent 

environmental pollution have raised staid concerns. Frequent oil spills and oil tanker 

incidents which resulted in catastrophic consequences for marine wild life and 

ecosystems are evident instances and whistleblowers. To prevent further damage to the 

environment, novel materials and methods for immediate decontamination and 

purification of water as well as sustaining the scarce natural resources are most favored. 

Hence, the research has been converged to adopt and develop new and novel oil sorbent 

materials [26], [28], [92]–[95]. A state of the art material for such purpose should have 

low affinity to water and high oil absorption capacity [96]. In addition, it is expected to 

cause the least possible harm to the environment and must be reusable [96]. Nonetheless, 

the proposed structure must be equally inexpensive and scalable to be adopted widely for 

sustainability [97], [98]. Different physical and chemical processes have been foreseen 

and implemented to engineer such materials with enhanced superhydrophobicity and 

superoleophilicity as well as high surface area in form of a membrane. The 

hydrophobicity of graphene foams obtained on a sacrificial nickel foam template was 

reported to increase dramatically by synthesizing Carbon Nanotubes (CNTs) on graphene 

foam which physically alters the surface [27]. However, the porosity of these 
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architectures is limited to macro and hardly ever mesopores. Most recently, promising 

results have been reported regarding the exceptional oil absorption capacity and 

recyclability of the CNT and Carbon Nanofiber (CNF) sponges [99], [100]. Though these 

sponges may only be used for a specific purpose which might result in an expensive and 

challenging transition to industry.  Meanwhile, pristine graphene demonstrates intrinsic 

hydrophobic behavior with a high contact angle of 89.4° [27]. Owing to their high 

surface to volume ratio, very low density and desirable electrical properties as well as 

chemical and mechanical stability,  three dimensional (3-D) graphene-based architectures 

such as foams, sponges and aerogels have been considered as multifunctional viable 

candidates for oil absorbing materials [101]. Additionally, such graphene-based 

structures are found to be significantly favorable materials for gas sensing [102] and 

adsorption [103], biological applications [104], thermal management [105], radiation 

protection and shielding [106], energy conversion and storage [103], [107], [108] and 

even structural reinforcement [109], [110]. Although total surface area of graphene-based 

sponges must be improved for some specific applications via chemical activation, 

capitalizing a multifunctional and scalable paradigm is believed to be more practical. The 

most widely used fabrication process for graphene-based sponges is reported to be 

hydrothermal reduction and assembly of graphene oxide nanosheets [111], [112]. 

Whereas well thought out functionalization of these structures yields tailored assemblies 

for specific environmental applications [113], [114], the hydrothermal process is long and 

preceded by Hummers method [111], [112]. Therefore, characteristics and effectiveness 

of the sponges strongly depend on a well-established modified Hummers method which 
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is long as well [115]. Herein, to propose a facile, relatively fast and scalable fabrication 

process, we report the synthesis of a scalable, multifunctional free-standing graphene-

based sponge with superhydrophobic, oleophilic and ferromagnetic properties. The 

sponge provides an exceptional surface area as well as multimodal porous structure 

including macro, meso and micropores. In this sense, the structure may be considered as 

self-activated, and a separate chemical activation to enhance the surface properties is not 

primarily obligatory. The structure and synthesis process have been thought out to be 

effortlessly inexpensive and scalable and with minor modifications can be pertinent for 

different applications.          

3.2. Results and Discussion 

3.2.1. Synthesis of the graphene-based sponge 

The graphene-based sponge (referred to as G-sponge hereafter) is synthesized via a sol-

gel process followed by curing and annealing at high temperatures. The synthesis process 

is shown schematically in Figure 3.1(a). A clear, homogeneous aqueous solution of the 

precursors (sol) was prepared, and a few droplets of nitric acid were added to the solution 

to adjust the pH at 3 and initiate the polymerization. Under constant stirring at 90 °C, a 

viscous resin (gel) was formed after a few hours. The viscous resin was spread on a glass 

substrate and cured in a vacuum oven at 120 °C to form a spongy mass as an intermediate 

precursor. The spongy precursor was cut to desired shapes with a blade. The G-sponge 

structure was achieved by heat treating the intermediate precursor at high temperatures 

(500-1000 °C) under argon and hydrogen flow in a horizontal tube furnace. 
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Figure 21: (a) Schematic representation of the synthesis (b) G-sponge on the right 

container is soaked with toluene dyed with n-blue. (c) No leakage of toluene from the 

sponge to the water is observed. (d) G-sponge can still clean the toluene spill from the 

surface of water. (e) SEM image of the sponge microstructure. (f) High magnification 

SEM image acquired from the surface of the sponge roughly where the white arrow is 

pointing at. 

3.2.2. Characterization of the graphene-based sponge 

As in Figure 21(b)-(d), G-sponge can be used to remove toluene from water where 

toluene is dyed with n-blue dye. In this typical experiment, a G-sponge sample floating 

on water was first soaked with toluene droplets (Figure 21(b)). It appears that toluene is 
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contained within the sponge (Figure 21(c)), and the soaked sponge can further absorb 

toluene (Figure 21(d)). Moreover, Figure 22 illustrates the separation of chloroform 

highlighted with 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4 H -pyran 

(DCM), from water. The sequence also exhibits the replacement of air with chloroform 

within the sponge structure. It appears that G-sponge is capable of absorbing organic 

contaminants with different densities than water as well as several dyes and stains from 

water and also can operate effectively under water.  

To put the recyclability of G-sponge to test, a sample was soaked with toluene and then 

subjected to a flame. The sample containing the absorbed toluene was combusted until all 

of toluene was consumed. The fire was self-extinguished due to the absence of fuel, and 

the G-sponge sample remained intact and could be used again (Figure 23(a), (b) and (c)). 

Similar studies have been carried out to demonstrate the fire-resistivity and recyclability 

of graphene-based sponges [116], [117]. However, the recovery of the absorbates such as 

oil and organic solvents from the sorbent after uptake remains a priority. A simple 

process can be implemented to heat up the G-sponge with the contained absorbate to 

evaporate the absorbed contaminant. The vapor can then be condensed to liquid form and 

recycled [118]. As an alternative route, the contaminants can be absorbed and pumped 

through G-sponge using vacuum and be recovered continuously and efficiently from the 

outlet of the vacuum pump [95].  
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Figure 22: Snapshots showing the absorption sequence of chloroform by G-sponge: (a) 

Chloroform dyed with DCM under water. (b) Chloroform is absorbed and being replaced 

with air into the sponge. (c) Chloroform contamination is completely absorbed and 

recovered by G sponge. A magnet is used to hold the sponge. 

 

Figure 23: Snapshots demonstrating the flame resistance of G-sponge: (a) G-sponge 

sample is soaked with toluene. (b) The soaked sponge is set on fire. (c) The fire is self-

extinguished as all the toluene is being consumed as fuel. 

Figure 21(e) reveals the microstructure of the G-sponge which appears to be a maze of 

interconnected macropores. Higher magnification SEM (Figure 21(f)) shows that the 

surface of the sponge seems to be very porous and may be considered as possible 

connected mesopores and channels. Also thin stacks of randomly oriented graphene 



 

53 

 

flakes and layers can be identified on the surface. TEM images reveal that G-sponge is 

consisted of wrinkled and convoluted sheets (multilayer graphene layers) as well as 

dispersed nanoparticles with average diameter of about 20nm (Figure 24(a)). Higher 

magnification TEM imaging demonstrates that iron nanoparticles are encapsulated within 

the structure by few layers of graphene (Figure 24(b)). HRTEM images show interplanar 

distances of 0.334 nm which corresponds to the stacking of sp
2
-hybridized layers of 

carbon (Figure 24(b) inset). As pointed out in Figure 24(c), the structure seems to 

comprise numerous minuscule graphene domains and randomly oriented flakes which 

attain a rough microstructure encompassing microchannels. HRTEM image resolved 

from the surface of the sponge indicates the existence of very small graphene-based 

domains with random orientation and complex stacking as well as sub-nanometer 

channels separating them (Figure 24(d)). In this sense, the width of the microchannels 

separating the graphene domains seems to deviate slightly from the measured interplanar 

distance of 0.334 nm. 
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Figure 24: (a) Low magnification TEM image of the sponge (b) High magnification 

image of the Fe nanoparticles encapsulated in graphene (inset: HRTEM image showing 

the graphene layers with the interplanar distance highlighted). (c) Low magnification 

image around the surface of the sponge. (d) HRTEM image showing the microstructure 

of the surface of the sponge. 

Figure 25(a) represents the contact angle measurement of water on the sponge which was 

evaluated to be 154.72°. Such an exceptional hydrophobicity is a result of numerous 
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microscopic and nanoscopic voids of air and surface roughness at the interface with water 

as well as the possible absence of hydrophilic groups on the surface of the sponge. To 

investigate the uptake behavior of G-sponge structure with time, a sample was exposed to 

compressor oil, and its weight change was monitored over the course of one minute 

(Figure 25(b)). The oil was absorbed into the sponge upon contact and in about 4 to 6 

seconds the maximum absorption was reached. To enumerate the absorption capacity 

(c=15.57) of G-sponge, the mass change after oil uptake (mf=327 mg) is divided by the 

initial mass (mi=21 mg) of the sponge. As a result, the maximum weight of compressor 

oil that can be absorbed by G-sponge is about 15.57 times of its weight. Figure 25(c) 

shows snapshots of spreading and absorption behavior of compressor oil in contact with 

G-sponge surface, acquired at 60 millisecond intervals. It reveals that the sponge is 

oleophilic since the oil is penetrated into the structure upon contact and completely 

absorbed by the sponge in about 300 ms. 
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Figure 25: (a) Contact angle measurement of the sponge showing superhydrophobicity. 

(b) Graph showing the oil uptake of the sponge with time. (c) Snapshots of spreading and 

absorption of oil for the sponge showing oleophilicity. 

To characterize the details of the microstructure and overlook the structural changes and 

phase evolutions, X-ray Diffraction (XRD) and Raman spectroscopy have been carried 

out on G-sponge samples prepared at different temperatures. By means of Figure 26(a), 

XRD patterns of G-sponge samples heat treated at 500, 600, 700, 800, 900 and 1000 °C 

are demonstrated and compared. According to characteristic diffraction angles, sp
2
-

hybridized layers in form of graphene as well as α-Fe [119] and Fe3O4 [119], [120] can 
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be identified at different temperatures (Figure 26(a)). The peak at 24° may correspond to 

(002) reflection and the peak at 43° can link to superposition of (101) and (100) 

reflections in sp
2
-hybridized graphitic lattice structure [121]. It has been reported by other 

researchers that these two peaks can be related to graphene sheets and flakes [122]–[125]. 

In addition, syntheses at higher temperatures yield to higher crystallinity of the structure 

since the XRD peaks appear to be sharper with higher relative intensities. As seen in 

Figure 24(a) and (b), it is most likely that the dispersed nanoparticles in the 

microstructure are α-Fe nanoparticles with diameter of about 20 nm. While some of these 

nanoparticles are encapsulated with few layers of graphene, some nanoparticles can be 

found unprotected on the surface of the sponge. It is critical to note that the final heat 

treatment of the sponge precursor is done under argon and hydrogen atmosphere which 

prevents the oxidation of Fe nanoparticles. Nevertheless, as soon as the sponge is 

removed from the reducing environment of the furnace and subjected to air, the 

nanoparticles are highly prone to surface oxidation. Consequently, trace of Fe3O4 is 

observed in the XRD pattern from 700 °C (Figure 26(a)). Figure 27(a) and (b) represent 

the Energy Dispersive X-ray Spectroscopy (EDS) spectra of an untreated G-sponge 

sample and a sample treated with hydrochloric acid (HCl), respectively. As a result of 

acid treatment, the amount of Fe in the structure was decreased from 12.69 to 5.55 wt% 

by dissolving the unprotected Fe nanoparticles. Therefore, about 5.55 wt% of the 

structure is believed to be graphene wrapped α-Fe nanoparticles. To complement this 

assessment, the untreated G-sponge sample has been subjected to a mixture of C2H4:H2 to 

synthesize carbon nanotubes (CNTs) using the iron nanoparticles as catalysts. Figure 
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27(c) and (d) demonstrate that multi-walled CNTs of various diameters encompassing 

iron nanoparticles at their tip can be originated on the surface of the sponge. As an 

exhibit for its versatility and multifunctionality, G-sponge may be used for facile 

fabrication of free-standing 3-D graphene-CNT hybrid architectures.  
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Figure 26: (a) XRD multiplot of the sponge heat treated at different temperatures. (b) 

Raman spectra multiplot of the sponge heat treated at different temperatures. 
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Figure 27: (a) (EDS) spectra of an untreated G-sponge sample. (b) (EDS) spectra of a 

G-sponge sample treated with hydrochloric acid. (c) SEM image of a G-sponge sample 

with CNTs grown on the surface using iron nanoparticles as catalysts. (d) High 

magnification SEM image of the same sample with CNTs acquired roughly from where 

the white arrow is pointing at. 

Figure 26(b) shows Raman spectra of G-sponge heat treated at different temperatures. 

Three characteristic Raman peaks of graphene, D, G and G', respectively at 1335, 1580 

and 2680 cm
-1

 can be observed in the spectra [87]. Since G' peak of graphite is believed 

to be asymmetric and splitted into four peaks [69], [70], the peak centered at about 2680 

cm
-1

 can be associated to G' peak of graphene. The broad D peak in the spectra infers the 

high level of disorder in structure. To investigate the changes in the graphene-based 
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structure, D to G (ID/IG) and G' to G (IG'/IG) peak intensity ratio at different heat treatment 

temperatures have been plotted separately in Figure 28. As the temperature ramps up, 

ID/IG which refers to the disorder in graphene layers, follows a general ascending trend 

except from 600 to 700 °C, where it plummets. Similarly, IG'/IG as a measure for the 

number of stacked graphene layers, increases with temperature. It seems that the 

formation of graphene-based sheets starts at about 700 °C, since G' peak emerges at this 

temperature. Evolution of the system from 600 to 700 °C can be interpreted as incubation 

for amorphous to crystalline transition. Since the graphene-based sheets are starting to 

nucleate and grow, the degree of disorder seems to drop temporarily. Afterwards, the 

formation of the spatially convoluted graphene sheets yields to higher degree of disorder. 

The ascending trend of IG'/IG implies that the growing graphene layers are not stacking or 

possibly forming a turbostratic structure, where the stacked layers are slipped sideways 

relative to one another to create microchannels [126]. The presence of D' peak at 1608 

cm
-1

, accentuates high degree of disorder in graphene domains and also convey that 

graphene-based sheets may have been doped with nitrogen [127].  
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Figure 28: Plotted D to G (ID/IG) and G' to G (IG'/IG) peak intensity ratio at different heat 

treatment temperatures. 

In order to investigate the chemical reactions and alterations of the precursors during the 

synthesis process, Fourier Transform Infrared (FTIR) spectroscopy has been performed 

on the cured resin. FTIR results (Figure 29(a)) display a broad peak at 3398cm
-1

 due to 

stretching vibrations of O-H bonds [128]. Weak bands appeared at 2920 and 2879 cm
-1

 

correspond to the symmetric and asymmetric vibrations of C-H bonds [129] and the 

bands at 1718 and 1622 cm
-1

 are due to C=O and C=C bonds stretching vibrations 

respectively [128], [130]. Narrow band at about 1405 cm
-1

 correlates O-H bond bending 

vibrations [128], and the peaks at about 1350 cm
-1

 occur as a result of C-OH bond 

stretching vibrations [131]. C-N bond stretching vibrations as well as breathing vibrations 

of epoxy groups may be attributed to the peaks at about1200 cm
-1 

[132]. Vibrations at 

about 1050-1070 cm
-1

 can be related to stretching vibrations of C-O bonds [128], [129]. 

Further trace of C-H bonds can be seen at 932 cm
-1

 as out of plane vibration bands [132]. 
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Bands between 480 to 730 cm
-1

 are suggested to be related to Fe-O stretching vibrations 

[130], [132]. The chemistry of the sol-gel process is schematically illustrated in Figure 

30. It looks as if during the sol-gel process, hydrolysis of sucrose followed by addition of 

nitric acid results in the formation of saccaric acid [133]. Simultaneous reaction of PVA 

monomers and iron cations with saccaric acid at 90 °C first originates long chains of 

polymeric resin and later yields to cross linking of the chains to convert the sol to a gel 

[133], [134]. These long chains in the gel have accommodated iron cations, and they 

seem to contain all of the aforementioned bonds which have been identified in the FTIR 

measurement. 
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Figure 29: (a) FTIR spectrum of the sponge precursor after curing and before final heat 

treatment. (b) BET surface area measurement of the sponge with a combination of type I 

and type IV N2 sorption. (c) Pore size distribution of the sponge (calculated based on 

DFT model). (d) Magnetic hysteresis loop curve acquired from the sponge. 
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Figure 30: Chemistry of the sol-gel process. 

It is likely that heat treatment at high temperatures dissociates the bonds between carbon 

with hydrogen, oxygen and nitrogen and allows them to leave the structure in form of gas 

molecules. This may also aid the formation of the microchannels and the possible 

turbostratic structure of the graphene-based sheet. The heat treatment also results in 

decomposition of the hydrophilic groups on the surface of the sponge which in its term 

contributes to hydrophobicity. While the structure is being carbonized at high 

temperatures in a reducing atmosphere, neighboring iron cations will cluster and form 
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iron nanoparticles. As an example for the adaptability of G-sponge, a similar modified 

sol-gel process has been reported for the synthesis of metal oxides which implies the 

possibility to incorporate other metallic nanoparticles in the structure upon designated 

applications [133], [134]. 

Brunauer–Emmett–Teller (BET) surface area measurements have been carried out to 

quantify the surface area and porosity of G-sponge architecture. Figure 29(b) and (c) 

summarize the results of adsorption-desorption isotherms and BET pore size distribution, 

respectively. It seems that the structure exhibits a combination of type I and type IV N2 

adsorption-desorption isotherms [135], [136]. The adsorption in relative pressures less 

than about 0.1 implies that micropors or microchannels can be found in the sample, 

whereas the hysteresis loop from relative pressures of about 0.5 to 1.0 is related to the 

mesopores [137]. The average pore diameter was calculated using DFT model to be about 

1.4 nm. The Langmuir and BET surface area of G-sponge sample were measured to be 

1356.30 and 823.77 m
2
.g

-1
, respectively which implies that there will be no predominant 

concern for chemical activation in order to enhance porosity and surface area. Besides, 

the density of G-sponge was calculated to be 0.017 gr.cm
-3

. It may be inferred that the 

majority of the surface area should be attributed to the micropores and microchannels. 

Nonetheless, this cannot contradict the actuality and contribution of the mesopores which 

can be identified in high magnification SEM image (Figure 21(e)). While the mesopores 

may contain a portion of the total volume of the condensate, the amount of micropores 

and microchannels significantly prevails. Thus mesopores do not contribute to the pore 

distribution as might be expected [138]. Figure 31(a) through (e) represents the 
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snapshots taken during an experiment designed to qualitatively evaluate the effectiveness 

of pulverized G-sponge. The pulverized sample was poured into a container of water 

contaminated by ethanol dyed with rhodamine b. A magnet was placed inside the 

container to collect the sponge powder. The collected sample seems to absorb the 

contamination effectively, as there was no trace of rhodamine b (pink dye dissolved in 

ethanol). Figure 31(f) and (g) give an idea about the size of the particles; and show high 

magnification SEM image of a fractured cross-section to depict the porosity within the 

bulk of G-sponge, respectively. In this sense, the absorption of the contaminants may be 

attributed to the meso and micropores. Congregated graphene-based layers and exposed 

iron nanoparticles as well as mesochannels and pores can be envisioned within the cross 

section of the pulverized sponge particles (Figure 31(g)). 
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Figure 31: (a) Pulverized G-sponge sample is poured into a container of water 

contaminated by ethanol dyed with rhodamine b. (b) G-sponge powder is mixed with 

contaminated water. (c) A magnet was placed inside the container to collect the sponge 

powder. (d) The magnet is collecting the sponge powder containing the contaminants. (e) 

No trace of rhodamine b (pink dye dissolved in ethanol) is observed. (f) Low 

magnification SEM image of pulverized G-sponge particles showing particle size 

distribution and morphology. (g) High magnification SEM image of a fractured cross-

section acquired roughly from where the white arrow is pointing at. 
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To further demonstrate the versatility of G-sponge, the viscous resin was cured was while 

a constant flow of nitrogen was used to generate bubbles in the resin, the microstructure 

was affected as shown with different magnifications in Figure 32(a) and (b). It seems 

that this process prompts macropore formation as opposed to mesopores, since the 

surface seems to be less porous (Figure 32(b)). Conversely, when curing was done under 

nitrogen pressure, a conformal layered structure was formed after annealing at high 

temperatures (Figure 32(c) and (d)) as if the crosslinking of the resin chains was 

suppressed under pressure.  

 

Figure 32: (a) Low magnification SEM image of G-sponge microstructure when N2 is 

bubbled in the resin during curing stage. (b) High magnification SEM image of the 

surface of G-sponge in Fig. 32(a) acquired roughly from where the white arrow is 

pointing at. (c) Low magnification SEM image of G-sponge microstructure when the 



 

70 

 

resin is cured under N2 pressure. (d) High magnification SEM image of the surface of G-

sponge sponge in Fig. 32(a), acquired roughly from where the white arrow is pointing at. 

The magnetic hysteresis loop of G-sponge is demonstrated in Figure 29(d) and conforms 

to that of ferromagnetic materials [139]. The saturation magnetism (MS) and the 

coercivity (HC) have been measured to be 8.49 emu.g
-1

 and 336 Oe at room temperature. 

Hence, α-Fe nanoparticles may accommodate single magnetic domains, due to the high 

measured HC and the average diameter of the particles (20 nm) [139]. The measured MS 

is relatively small compared to the reported values for α-Fe nanoparticles with similar 

size since it is only 12.69% of the total weight. Relating back to XRD multiplot shown in 

Figure 26(a), at 500 and 600 °C no or minute traces of α-Fe was observed which points 

out that ferromagnetism may not be observed in the samples heat treated bellow 600 °C. 

The ferromagnetic properties can offer selectivity for targeted delivery and collection of 

the sponge.  

3.3. Experimental Section 

3.3.1. Synthesis of the graphene-based sponge 

The sponge was prepared by a modified sol-gel process followed by curing in vacuum 

and annealing at high temperature. Briefly, 2.82 g sucrose (Sigma-Aldrich, >99.5%), 0.12 

g polyvinyl alcohol (Sigma-Aldrich, 98-99%) and 0.84 g iron nitrate nonahydrate 

(Sigma-Aldrich, >98%) were dissolved in 17 ml deionized (DI) water and stirred to form 

a homogenous solution. 0.1 ml nitric acid (HNO3) was added to the final solution (sol), 

and the temperature was then raised up to 90 °C for 1 hour. A viscous dark brown resin 
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(gel) was formed as a result of a series of chemical reactions and polymerization. The 

resin was cured at 120 °C under vacuum for 2 hours. Then the cured resin was cut into 

the desired shapes with a blade and transferred into a horizontal tube furnace. The 

temperature was ramped up with a rate of rate of 10 °C.min
-1

 to the final temperature 

(500, 600, 700, 800, 900 and 1000 °C). The samples were annealed at 5 torr for 30 

minutes in Ar and H2 atmosphere with the flow rates of 100 and 50 sccm, respectively to 

form the final sponge structure. 

3.3.2. Synthesis of CNTs on the sponge 

The CNTs were grown on the sponge via Chemical Vapor Deposition (CVD) method in a 

horizontal tube furnace using the Fe nanoparticles on the surface of the sponge as 

catalyst. A mixture of Ar, H2 and ethylene (as carbon precursor) were flowed with the 

rate of 150,100 and 50 sccm, respectively. The temperature was ramped up with a rate of 

10 °C.min
-1

 to 750 °C and, the growth was done at 700 torr for 30 minutes.     

3.3.3. Acid treatment to remove Fe nanoparticles 

The sponge samples were sonicated overnight in a mixture of ethanol and HCl with the 

ratio of 1:1 by volume. The acid treated samples were sonicated and washed several 

times with absolute ethanol until the neutral pH was achieved and dried overnight under 

vacuum at 90 °C.  
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3.3.4. Materials characterization 

The morphology investigation and imaging analysis were performed using scanning 

electron microscope (SEM; FIB NNS450) equipped with X-ray energy dispersive 

spectroscopy (EDS) and transmission electron microscope (TEM; Philips, CM300) with a 

LaB6 cathode operated at 300 KV. For TEM imaging, the pulverized sponge was 

dispersed ultrasonically in ethanol for 1 hour, and a diluted sample was drop casted on 

the carbon-coated TEM grid. Crystal structure and phase identification was done by X-

ray diffraction analysis (XRD, Philips X′Pert) using Cu Kα radiation. Raman spectrum 

was collected using a Horiba LabRAM HR spectrometer and an excitation source with 

wavelength of 532 nm. Fourier transform infrared spectroscopy was carried out using a 

Bruker Equinox 55 FTIR. The surface area and pore size distribution analysis were 

accomplished by means of Brunauer-Emmett-Teller (BET) measurements using 

Micromeritics ASAP 2020 with nitrogen gas. Magnetic properties were measured using a 

vibrating sample magnetometer (VSM).  
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CHAPTER 4: CONCLUSION 

In summary, we investigated the nucleation and growth of graphene-based sheets on 

copper foil substrates using Fluorescence Quenching Microscopy (FQM). FQM can 

provide high contrast to reveal trends in the formation mechanism and microstructure 

changes of large-area CVD-grown graphene. Typically, graphene was seen to prefer 

heterogeneous nucleation along the defects of untreated copper surface. It resulted in a 

microstructure with small growth domains and high density of defects which may render 

the graphene sample unsuitable for electronic applications due to constrained carrier 

mobility. Electropolishing and annealing of copper emboldened homogenous nucleation 

along the surface of the foil since the density of defects was reduced drastically and the 

crystal structure of the polycrystalline foil was more uniform. However, it is impossible 

to eradicate all defects in a polycrystalline material. Thus Heterogeneous nucleation plays 

a definitive role to form the initial graphene seeds as well as the final microstructure of 

continuous graphene-based sheets. As of the growth of graphene, higher pressure in the 

vacuum chamber led to increase the saturation pressure of CH4 as carbon precursor. 

Hence multilayer graphene and thin graphitic sheets were formed at higher growth 

pressure. Our results indicated that four-lobed graphene nuclei were initially formed on 

copper since they were confined with the four-fold symmetry of the substrate. The 

nucleation and growth of the latter graphene layers on the first graphene buffer layer is 

allowed to conform to hexagonal lattice. Therefore hexagonal graphene domains can be 

formed by reorientation of the flakes on subsequent multilayers. Graphene was observed 

to mimic the microstructure of copper foil substrates due to the complex heterogeneous 
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and homogeneous nucleation and growth of graphene on copper. Higher fluorescence 

quenching was also observed for graphene grown at higher growth pressures which 

signified thicker graphene. 

In summary, we have successfully demonstrated the synthesis of a scalable, 

multifunctional graphene-based sponge with exceptional porosity and surface area as well 

as superhydrophobic and oleophilic properties via a modified sol-gel assisted process. 

The structure and synthesis process are designed to be effortlessly inexpensive and highly 

scalable to be widely adopted and used. The synthesized sponge has ferromagnetic 

properties as a result of graphene-wrapped α-Fe nanoparticles with average diameter of 

about 20 nm. We have also illustrated the versatility of the architecture enabling the 

required modifications such as direct CNT growth or incorporation of other metallic 

nanoparticles within the structure which expands its applicable venues. The obtained 

sponge has an exceptional contact angle of 154.72° with water as well as oleophilic 

properties. It offers a remarkable surface area of 823.77 m
2
.g

-1
 and an average pore 

diameter of 1.4 nm without chemical activations. Such surface area is due to the presence 

of macro, meso and micropores and channels in the structure. The sponge is effectively 

applicable to be used underwater and even when pulverized. Selective and targeted 

delivery and collection of the sponge to contaminated coordinates is also possible as a 

result of embedded ferromagnetic α-Fe nanoparticles. The achieved architecture offers a 

promising ability environmental cleaning applications such as oil-water separation and 

water decontamination. Owing to its versatile microstructure, it may also be used for gas 

filtration and sensing as well as energy storage. 
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