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ABSTRACT OF THE DISSERTATION 

 
 

Synthesis and Applications of Large Area Graphene-Based Electrode Systems 
 
 

by 
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Doctor of Philosophy, Graduate Program in Mechanical Engineering 
University of California, Riverside, December 2011 

Professor Ashok Mulchandani, Chairperson 
  

 

 
Graphene is a single sheet of carbon atoms with outstanding electrical and physical 

properties and being exploited for applications in electronics, sensors, fuel cells, 

photovoltaics and energy storage. However, practical designs of graphene-based 

electrode systems and related experimental implementations are required to realize their 

widespread applications in nano- to bioelectronics. In this dissertation, different 

graphene-based electrode systems having metallic and semiconducting properties are 

synthesized optimizing process conditions. Also realized is the potential of the fabricated 

electrode systems by applying them in practical applications such as sensor devices and 

fuel cells.   

 The zero bandgap of semimetal graphene still limits its application as an effective 

field-effect transistor device or a chemiresistor sensor operating at room temperature. It 

has been shown theoretically and experimentally that graphene nanoribbons (GNRs) or 
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nanomeshes (GNMs) can attain a bandgap that is large enough for a transistor device, and 

hence would show high sensitivity to various gaseous species or biomolecules. Large-

area mono- and bilayer graphene films are synthesized by a simple chemical vapor 

deposition (CVD) technique depending on the carbon precursors such as methane, 

acetylene and ethanol, and the results are compared using optical microscopy (OM), 

Raman spectroscopy, high-resolution transmission electron microscopy (HRTEM) and x-

ray photoelectron spectroscopy (XPS). A simple reactive ion etching (RIE) combined 

with well-established nanosphere lithography is performed on the synthesized CVD-

grown monolayer graphene platform to fabricate large area GNMs with specific 

dimension and periodicity. The fabricated GNMs chemiresistor sensor devices show 

excellent sensitivity towards NO2 and NH3, significantly higher than their film 

counterparts. The GNM sensor devices exhibit sensitivities of about 4.32%/ppm (parts-

per-million) in NO2 and 0.71%/ppm in NH3 with estimated limit of detections of 15 ppb 

(parts-per billion) and 160 ppb, significantly lower than Occupational Safety and Health 

Administration (OSHA) permissible exposure limits of 5 ppm (NO2) and 50 ppm (NH3), 

respectively. The demonstrated studies on the sensing properties of graphene nanomesh 

would essentially lead further improvement of it’s sensitivity and selectivity as a potential 

sensor material. 

 Furthermore, a three-dimensional (3D) carbon electrode in the form of vertically 

aligned carbon nanotubes (CNTs) on a graphene floor is applied as a supporting electrode 

for platinum (Pt) nanoflowers electrocatalysts in methanol oxidation as well as in 

nonenzymatic sensing of blood glucose. Experimental results demonstrate an enhanced 
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efficiency of the 3D graphene-carbon nanotubes hybrid film, as catalyst support, for 

methanol oxidation with regard to electroactive surface area, forward anodic peak current 

density, onset oxidation potential, diffusion efficiency and the ratio of forward to 

backward anodic peak current density (If/Ib). Also, the developed nonenzymatic 3D 

carbon hybrid sensor responded linearly to the physiological glucose concentration 

ranging from 1 to 7 mM (R2 = 0.978) with a sensitivity of 11.06 µA mM-1cm-2. 
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CHAPTER 1  
 
 
Literature Survey on Graphene 
 
 
1.1 Graphene 
 
 Graphene is a one-atom-thick carbon atoms tightly packed into a two-dimensional 

(2D) hexagonal honeycomb network, and is a basic building block for all other carbon 

allotropes, as shown in Fig. 1.1.1 Theoretical properties of graphene (and/or graphite) 

have been investigated for more than sixty years to describe various properties of carbon-

based materials and their composites.2 This strictly 2D system was believed to not exist in 

a free state, and to be thermodynamically unstable with respect to the formation of 0D 

fullerene, 1D nanotube and 3D graphite as shown in Fig. 1.1.3 However, in 2004, a group 

of researchers led by A. Geim and K. Noveselov at University of Manchester 

experimentally isolated graphene by mechanical exfoliation of highly ordered pyrolitic 

graphite (HOPG), and that achievement fascinated the scientific community to study the 

free-standing graphene for the first time.4 This atomically thin sheet was found to be 

stable under ambient conditions, exhibiting high quality and continuity on a microscopic 

scale.  

 Graphene research received a jolt in 2004 when Geim and coworkers at University 

of Manchester first reported the electrical properties of monolayer graphene by 

mechanically isolating it from highly ordered pyrolytic graphite (HOPG).4 The scientific 

findings obtained on this wonder material were so remarkable that Geim and Novoselov 



 

2 

were awarded the Nobel Prize in Physics in 2010, within just 7 years of their first 

publication on this material. The studies go on to show the promise graphene carries both 

in fundamental science as well as technological and applied research. 

Graphene is found to possess many interesting properties. Most importantly, it exhibits 

pronounced ambipolar electric field effect with mobilites of charge carriers exceeding 

15,000-200,000 cm2/Vs even at room temperature.4-7 This high mobility of graphene is 

due to its weak dependency on temperature, which is limited only by the defect/impurity 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 1.1 Graphene: building block for all other carbon allotorpes. It can be rolled into a) 

0D buckyballs, b) 1D CNT and stacked to form c) 3D graphite.1  

 

(a)  (b)  (c) 
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scattering. Unlike some undoped III-V semiconductors (such as indium antimonide, 

InSb) that exhibit room temperature mobilities of about 77,000 cm2/Vs, the mobility of 

graphene remains high at high carrier concentration (~1012 cm-2) in electrically or 

chemically doped devices resulting ballistic transport on submicron scale. Moreover, 

graphene is an excellent heat conductor (thermal conductivity~5000W/mK) and the 

strongest material ever tested, and is optically transparent (~ 97.7%) and flexible. 

 Due to the properties mentioned above, graphene has been considered as a 

promising material in variety of applications such as field-effect transistors, capacitors, 

energy storage, sensors, photovoltaics etc. Moreover, graphene-based composite 

materials exhibit high electrical conductivity and show potential in biosensing8 as well as 

Li-ion batteries.9 Graphene-based sensors show promising responses because of the 

dependency of electrical conductivity of grapheneon concentration of various gaseous 

species or bio-molecules. Graphene can be used as a transparent and flexible electrode in 

photovoltaics, liquid crystal displays (LCDs) and organic light emitting diodes 

(OLEDs).10-12 Graphene has also been envisioned as a potential candidate to replace 

indium tin oxide (ITO) due to its high strength, flexibility and stretchability. 

 
1.2 Structure of Graphene 

 Graphene consists of a layer of sp2 carbon hexagonal networks, in which strong 

covalent bonds are formed between two adjacent carbon atoms. In the graphene lattice, 

two sub-lattice of carbon atoms are bonded together with σ bonds, and π orbital of each 

carbon atom in the lattice contribute to a delocalized network of electrons. The electronic 
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structure of graphene is different from typical 3D materials. Six double cones 

characterize the Fermi surface of graphene, as shown in Figure 1.2. 

 

Figure 1.2 Band structure of graphene at low energies. The conduction and valence bands 

intersect at points K and K/. The dispersion relation is linear at those points.13  

 

In intrinsic or undoped graphene, the Fermi level is situated at the contact points of these 

cones. Since the density of states of graphene is zero at that point, the electrical 

conductivity of intrinsic graphene is quite low. However, the Fermi level can be tuned by 

an electric field so that the graphene becomes either n- or p-doped depending on the 

polarity of the applied field. Graphene can also be doped by adsorbants such as water or 

ammonia on its surface. The electrical conductivity of doped-graphene is potentially 

high; at room temperature it could be higher than that of copper.  
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Figure 1.3 Ambipolar electric field effects in monolayer graphene. The inset cones represent 

low-energy spectrum E(k), indicating changes in the position of the Fermi energy (EF) with 

increasing (inducing electron) or decreasing (inducing holes) gate voltage (Vg). The rapid 

decrease in resistivity ρ by adding charge carriers describes their high mobility and does 

not noticeably change up to room temperature.1 

 

The dispersion relation for electrons and holes is linear close to the Fermi level. Since the 

effective masses are given by the curvature of the energy bands, therefore, this 

corresponds to zero effective mass. The charge carriers in graphene are described with 

the Dirac equation instead of Schrödinger equation,14-20 and they act like quasiparticles 

called massless fermions that travel at a constant speed. The contact points of these cones 

are therefore called Dirac points. Now, due to the low density of states near the Dirac 

point in graphene, a shift of the Fermi level by gating causes a significant variation of 
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charge density, leading to a significant change in transmission. The relaxation and 

recombination of photo-induced electron-hole pairs in the graphene occurs in tens of 

picoseconds depending on the carrier concentration of graphene.21,22 With this high carrier 

transport velocity even under a moderate electrical field, the graphene FET exhibits an 

ultra-fast and efficient photoresponse,23 suggesting its application high-speed 

optoelectronic devices for communications, detection, sensing etc. 

 

1.3 Synthesis Methods of Graphene 
 
Currently, there are now four primary synthesis processes, as delineated below, that have 

been employed to produce pristine graphene.  

 

1.3.1 Epitaxial Graphene 

In this process graphene grows on epitaxially matched surface by chemical deposition 

technique. Approximately 40 years ago, graphene was first experimentally determined 

and detailed investigations were carried out on the thermodynamics of growth of 

“monolayer graphite” and “bilayer graphite” on single crystalline metal surfaces.24-27 

However, due to the lack of consistency between properties of those film on different 

metal crystals and the limitation of finally identifying the proper application of those 

films, this process was not studied that extensively. A more recently implemented 

technique to grown epitaxial graphene is, to grow large area epitaxial graphene on SiC 

substrate. In this process graphene formation is initiated by the sublimation of Si atoms 

and the formation carbon-segregated surface containing mobile carbon atoms, during the 
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annealing at >1300°C in ultra-high vacuum or atmospheric pressure.28-30 Diffusion of 

those carbon atoms on the surface at that high temperature produces layer of a wafer 

scale large area epitaxial graphene film with a mobility of 2000 cm2V-1S-1.31 Large area 

monolayer growth has also been performed on Cu foils. The size of the graphene could 

be as large as possible and is synthesized by simply exposing a large metal foils to carbon 

precursor to form either monolayer or multilayer graphene films. Further, this method 

provides the feasibility of transfering a large area graphene film onto any arbitrary 

substrate due to the fact that graphene film can be extracted by etching the underneath 

metals. This method is envisioned as the eventual solution for large area epitaxial 

graphene growth. Direct growth of graphene on dielectric surfaces is an another 

technological interest that would be beneficial for field-effect transistors or related 

devices in nanoelectronics.  

 
1.3.2 Mechanical Exfoliation of Graphite 
 

Even though it has been recognized that carbon segregates in the form of graphitic 

layers on transition metal surfaces, until 2004, no detailed reports were published on their 

electronics properties probably due to the fact that the substrates were all metallic and no 

attempts were performed to transfer them on insulating/dielectric substrates. In 2004, 

Geim and coworkers published first report4 on the electronic properties of graphene. They 

first mechanically isolated mono/few layers graphene from HOPG and transferred it on 

SiO2/Si substrate that allowed them to fabricate graphene transistor devices. Since then, 

mechanical exfoliation method received an immediate attention as a reliable method for 
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obtaining monolayer graphene flakes on foreign substrates. This method involves 

isolating graphene flakes from HOPG block by repeated peeling/exfoliation using 

different techniques such as scotch tape,4 ultrasonication32, transfer printing technique33,34 

etc. The technique was also used to produce 2D atomic crystals of many other materials 

such as BN and MoS2. It is the cheapest technique that has been used so far to produce 

high quality monolayer graphene flakes. However, locating a monolayer graphene flake 

is tedious and the yield of mono/few layer graphene obtained by this technique is very 

poor and the flakes are randomly distributed on the substrate. The resulting graphene 

flakes are very small which is about few microns to a millimeter in size. Thus mechanical 

exfoliation technique is so far practiced only to study graphene in a lab scale, and is not 

scalable to a commercial level. 

 
1.3.3 Reduced Graphene Oxide  
 

In this method, graphene platelets are prepared from dispersions of graphene 

oxide platelets made from graphite oxide (GO). In general, GO is synthesized by 

modified Brodie,35 Staudenmaier,36 or Hummers methods.37 All these methods involve 

oxidation of graphite to GO. Brodie and Staudenmaier methods involve a combination of 

potassium chlorate (KClO3) with nitric acid (HNO3) to oxidize graphite, while the 

Hummers method involves a combination of potassium permanganate (KMnO4) and 

sulfuric acid (H2SO4) treatment to oxidize graphite. GO is highly hydrophilic due to the 

existence of polar oxygen functional groups of GO during the oxidation. Thus, it is easy 

to exfoliate GO in many solvents, and disperse it particularly well in water.38 GO platelets 
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can be easily disintegrated into graphene oxide by stirring and sonication of GO in either 

in water or various organic solvents. After that, the colloidal dispersion of graphene oxide 

can be reduced to graphene sheets using several reducing agents such as hydrazine,39 

hydroquinone,40 sodium borohydride (NaBH4),41,42 and ascorbic acid.43 Reduction of 

graphene oxide using thermal treatment44,45 in reducing atmosphere or electrochemical 

method has also been considered as an efficient and low cost method.44-46 Reduced 

graphene oxide has been shown to have promising potential in various applications, such 

as transparent conductive electrodes, graphene-based polymer composites, sensors, 

capacitors etc.  However, these chemically modified graphene sheets still contains 

oxygen functional groups and other impurities due to the lack of complete reduction of 

graphene oxide, which limit their application in many other areas of nanoelectronics. 

 
1.3.4 Chemical Vapor Deposition (CVD) of Graphene 
 
 As discussed earlier, graphene can be grown on metal surfaces by carbon 

segregation on the surface or by hydrocarbon decomposition at elevated temperature. 

This process is similar to epitaxial graphene metallic single crystals. However, CVD-

grown graphene on metallic films or foils require relatively higher growth pressure than 

epitaxially grown graphene. This technique has been considered practical for large area 

graphene production because of the availability of large metallic substrate in the form of 

thin films or foils. However, these metallic films/foils are polycrystalline in nature, and 

thus the individual grains are oriented in different directions forming grain boundaries as 

opposed to epitaxial metallic surface. Thus, carbon segregation occurs relatively higher in 
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grain boundaries as they are thermodynamically in higher energy states in a 

polycrystalline material, and thus grain boundaries are the regions where graphene grows 

in higher thickness. CVD growth of graphene was performed on various metallic 

substrates, but  

 

Figure 1.4 A schematic representation of the steps involved to synthesis larger area 

graphene film using CVD technique. 

 

mostly practiced ones are nickel (Ni)47-49 and copper (Cu).50,51 Fig. 1.4 shows a schematic 

diagram of typical CVD setup and the steps involved to synthesize large area graphene on 

Ni or Cu substrates. In a typical growth process, at first, the Ni or Cu foil is inserted in a 

tube furnace as shown in Fig. 1.4. The temperature of the furnace is then raised to 

~1000°C in flowing Ar/H2 atmosphere under low or atmospheric pressure to anneal the 
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foil. The individual grains of Ni or Cu grow bigger during annealing, which eventually 

decreases the density of defects (wrinkles, folds, impurities etc.) in the resulting graphene 

film. After annealing for a certain period of time, CH4, as a carbon precursor, is supplied 

to deposit carbon on Ni or Cu foil. CH4 flow is switched off once the growth is done, and 

cooling of the furnace is performed for carbon segregation on the surface to form 

graphene film. Finally, Ni or Cu foil is etched away in aqueous FeCl3 solution to allow 

graphene floating on the surface of etching solution. After subsequent cleaning, the 

graphene film is then transferred on desired substrate. The growth mechanisms of 

graphene are different on different metal substrates. In last few years, several reports 

have been published on CVD growth of graphene on various metal substrates, and this 

process is still in its way to provide high quality single crystal of large area graphene. 

 
1.4 CVD Growth Mechanisms of Graphene 
 

Mono/few-layer large area graphene films were first grown on polycrystalline Ni 

substrate by CVD of methane (CH4) by controlling the growth time and cooling rate of 

the metal substrates to suppress the amount of C precipitation during the growth 

process.47,48,52 These reports immediately attracted remarkable interest in CVD synthesis 

of graphene. Since then, many reports have been published exploring the controlled 

growth parameter to improve the quality of graphene film. However, the major drawback 

of using Ni substrate for graphene growth is that the solubility of C in Ni is relatively 

high. Thus, it is difficult to suppress C precipitation completely and therefore the 

resulting graphene films can vary from monolayer to few layers. In this case, the 
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thickness of graphene film strictly depends on the exposure time of Ni substrate to carbon 

precursor, the cooling rate and the thickness of Ni substrate. Moreover, large number of 

wrinkles and folds appear in these films due to the difference in thermal expansion 

coefficients between graphene and Ni, and defect nucleation at the step edges/grain 

boundaries on Ni surface. However, large-area graphene films with about 95% as 

monolayer graphene were grown on Cu foils by CVD of CH4 by taking advantage of the 

very low solubility of C in Cu.51 It has been shown that graphene growth on Cu surface is 

a surface-mediated process, and the process is self-limiting; that is, once the Cu surface 

was fully covered with graphene, the growth process gets terminated; also it is possible to 

achieve 100% monolayer graphene.53 Graphene films grown on Cu substrates also are 

high quality with carrier mobilities typically in the range 2000 to 4000 cm2V-1s-1. These 

values are lower than those of exfoliated graphene flakes from HOPG. Thus, continuous 

improvements are being performed on CVD grown graphene in terms of synthesis, and 

successful transfer of large area monolayer graphene onto foreign substrates.  

 
1.5 Characterization of Graphene 

 Graphene is usually characterized by optical microscopy (OM), Raman 

spectroscopy, atomic force microscopy (AFM) and transmission electron microscopy 

(TEM). Using TEM, the number of graphene layers can be counted in atomic scale. Also, 

TEM could provide information about the crystalline quality of the synthesized graphene 

film by electron diffraction patterning technique. TEM image in the inset of Fig. 1.5a, 

clearly shows monolayer (avg. thickness ~ 0.34 nm) and bilayer graphene films. One of 



 

13 

the widely employed methods of identifying monolayer graphene is through optical 

microscopy (OM) because this technique is non-destructive and quick testing. Depending 

on the thickness (comprised of number of layers), graphene film exhibits a characteristic 

color contrast on a thermally grown SiO2 (300nm)/Si substrate as shown Fig. 1.5 b. AFM 

analysis is also a frequently used technique to verify thickness of graphene transferred 

onto any arbitrary substrates, leading to identification of the number of layers. 

 Raman spectroscopy is another popular method, and is considered the non-

destructive, quickest and most precise method to identify the thickness of graphene film 

together with its crystalline quality. This is because graphene exhibits characteristic 

Raman spectra based on the number of layers and density of defects as shown in Fig. 1.5 

d, taken from the regions (colored circles) in Fig. 1.5 a and b, corresponding to the 

number of layers in the Raman spectra in Fig. 1.5d. 



 

14 

 

Figure 1.5 a) SEM, b) OM and c) AFM images and Raman spectra of graphene films.51,54 

The main signatures of the Raman spectra of graphite or graphene are the G band at 

~1584 cm-1 and the 2D band at ~2700 cm-1. The G band is due to the E2g vibrational 

mode, and the 2D band is a second-order two-phonon mode. A third feature, the D band 

at ~1350 cm-1, is not Raman active for pristine graphene but usually appears if the 

symmetry is broken by edges or due to a high density of defects. The relative peak 

heights of the G and 2D bands indicates the number of layers present for a given 

graphene film. The location of the G peak for monolayer graphene situates at 3-5cm-1 

higher than that for bulk graphite while its intensity is roughly the same. The 2D peak 

shows a significant change in both shape and intensity as the number of layers is 

decreased. For monolayer graphene, the 2D band is a single sharp peak at the lower shift, 
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with intensity about two times the intensity of the G peak. As the number of layers 

increases the relative 2D peak intensity decreases compared to that for D peak as shown 

Fig. 1.5d. 

 

1.6 Bandgap Engineering of Graphene 
 

Graphene exhibits promising properties desired for future transistor applications, 

and therefore this material has been envisioned as a potential candidate to replace silicon. 

However, the major drawback of graphene for transistor application is its zero bandgap. 

Due to such band structure, graphene based FETs usually show low ION/IOFF ratio. Since 

its discovery one of the major focuses in graphene research has been on finding a 

technique to open up a band gap in graphene without compromising on any of its other 

properties. Several techniques have been practiced so far such as substrate induced 

bandgap opening,55 chemical substitution doping with various elements,56-61 quantum 

confinement of charge carriers in graphene etc. The above mentioned techniques other 

than quantum confinement of charge carriers have been experimentally successful to 

quite an extent in opening up a finite band gap in graphene, and thereby improving 

ION/IOFF ratio in graphene based switching devices. However a major drawback with most 

of these methods is that the carrier mobility is significantly reduced affecting the ultimate 

device performance. But quantum confinement of charge carriers in graphene on the 

other hand does not affect the carrier mobility to a great extent. Therefore, quantum 

confinement of graphene by laterally reducing the dimension of graphene at a nanometer 

scale has been investigated extensively to open up a bandgap in a monolithic graphene 
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film.  

 
1.6.1 Quantum Confinement of Charge Carriers: Graphene Nanoribbons (GNRs) 

and Graphene nanomesh (GNMs) 

As mentioned above, graphene, a zero band gap material, has showed remarkable 

promises for applications in future nanoelectronic devices. Charge transport in graphene 

is different from that of conventional 2D electronic systems due to its linear energy 

dispersion relation near the Dirac point in the electronic band structure. However, its 

practical applications cannot be effectively realized unless a finite bandgap is opened up 

in its electronic structure. It has already been recognized that when graphene is processed 

into a narrow ribbon called GNRs, the carriers are confined to a quasi-one-dimensional 

system, resulting in an introduction of finite energy gap.62 Similar to the case of CNTs, 

the energy gap depends on the width and the chirality of a CNT.63,64 The GNRs were 

theoretically investigated by Mitsutaka Fujita and coauthors to examine the edge and 

nanoscale size effect in graphene.63-65 Since no impurities are being introduced in the 

graphitic lattice no charge scattering would occur except at the edges, and therefore the 

carrier mobility will not be significantly reduced in a GNR. Thus, GNR with a width less 

than 10 nm possesses large enough bandgap together with high carrier mobility, leading 

to high ION/IOFF ratio while being used as transistor channel.62 This all-semiconducting 

property of sub-10 nm GNRs could then by pass the problem of the chirality dependence 

of electronic properties observed in SWNTs, and thus make GNR an ideal candidate for 

nanoelectronics. Metallic GNRs are also ideal candidates as conductive interconnects 
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than CNTs since they have extremely high current carrying capacity. However, 

controlled and scalable synthesis of GNRs is very difficult at this point.  

One of the alternatives is to drill nanohole superlattice in large area graphene. 

Recent theoretical studies in such systems, followed by experimental demonstration of 

the same have attracted significant interest in this area.66-71 This work reported producing 

GNMs from graphene by conventional block copolymer lithography. The neck formed 

between two nanoholes acts as a nanoribbon to confine the charge carriers passing 

through it. By simply changing the hole diameter and density, the neck-width can be 

controlled to tune the bandgap of graphene. Moreover, these GNMs transistor devices 

show high drive currents or transconductances compared to those of GNRs devices, 

exhibiting a ION/IOFF ratio of about 100.71  

 

1.7 Graphene-Based Gas Sensor 

The field of sensors covers a wide variety of materials and devices used for 

capturing physical, chemical or biological stimuli, and converting them to measurable 

output signals. Nanomaterials has been used as active sensing elements or receptors, as 

transducing components (e.g. electro- or chemo-mechanical actuators), and even as 

electrodes in electronic circuitry and power systems (e.g. nanowires).72,73 

In general, gas adsorption on the surface of a sensor material is fundamental to the 

resistive gas detection process. Thus, reduction of the dimension of sensor materials to 

the nanoscale therefore increases their surface-to-volume ratio, resulting a significant 

fraction of the atoms is exposed at the surface to participate in the surface reactions. 
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Thus, nanomaterials have the obvious effect of improving gas sensitivity while being 

used in sensor devices.  On the other hand, the Debye length λD, a measure of the field 

penetration into the bulk, for most nanomaterials (such as nanowires and nanotubes) is 

comparable to their extremely narrow dimensions/radius that results their electronic 

properties to be strongly modulated by the processes at their surface. This basically leads 

a sensor exhibiting improved sensitivity and selectivity. Several reports in the literature 

have documented several orders of magnitude enhancements in the gas sensing response 

of nanomaterials compared to their bulk counterparts.72,74 The response and recovery time 

of nanomaterials-based chemiresistors would be impressively as low as milliseconds.72-74 

The electronic properties of graphene are strongly modulated by the adsorption of 

molecules,75 a prerequisite for an electrically based sensor. The high sensitivity of 

graphene emerges due to two primary reasons: (1) the 2D nature of graphene allows total 

exposure of all of its surface carbon atoms to the adsorbed gas molecules, providing the 

high surface area per unit volume,76 and (2) it is inherently a low-noise material due to the 

quality of its crystal lattice, which leads to screen charge fluctuations more than one-

dimensional systems such as carbon nanotubes. Beyond the electronic properties, 

graphene has other practical advantages for making sensors, such as ease of making 

devices using conventional lithographic techniques and the good long-term stability of 

the material.77-79 The potential use of graphene as gas sensing elements has been well 

realized in a multi-terminal Hall bars device, where the detection of the single gas 

molecule adsorbed on its surface was achieved.79 After that, significant efforts have been 

undertaken to improve sensitivity and selectivity of graphene-based gas sensor devices 
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upon exposure to various gaseous species. 

 

1.8 Graphene-CNTs Hybrid 
 
 Carbon allotropes such as graphite, diamond, fullerenes, and nanotubes have their 

distinct structures and properties, which lead them to various commercial applications. In 

the last few decades, several unique micro- and/or nanostructures composed of different 

carbon allotropes including a composite of CNTs and fullerene, have been discovered.80  

CNT is a unique allotrope of carbon, formed by rolling up single sheet of graphene into 

individual tubes. Their shape and nanostructure give them an unusually high specific 

surface area (SSA), high current density and extremely high thermal conductivity, which 

may lead to widespread applications such as interconnects for large scale integrated 

circuit, thermal bumps and thermal interface materials, sensors and different electrode 

systems.81-84 On the other hand, graphene, one atom thick 2D honeycomb lattice of sp2-

bonded carbon atoms, has unique band structure, band-tuning ability, extremely high 

carrier mobility, high thermal transport properties as well as high chemical stability.4,85  

Thus, graphene nanostructures have been envisioned as promising materials for their 

potential applications as electrodes materials in sensors, supercapacitors, batteries and 

photovoltaics. However, those excellent properties emerge in the axial direction for 

CNTs and in the planar direction of graphene. Therefore, a bundle of CNTs show poor 

physical properties in the directions perpendicular to the tube axis. However, a composite 

material consisting of CNTs and graphene could be an excellent choice, which combines 

the unique properties of two carbon allotropes in all directions. 
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 Furthermore, the major requirements of an electrode material to be used in 

supercapacitors, batteries, fuel cells or photovoltaics are: low material costs and easy 

fabrication process, high electrochemical reactivity and fast redox reaction, high 

electrical conductivity (comprised of high power density) and high specific surface area 

(comprised of high energy density). Graphene/CNTs composites would provide all those 

necessary properties due to it unique architecture that is ideal for an extremely high SSA 

electrode material.  

 

1.9 Graphene-Based Methanol Fuel Cells 

Direct methanol fuel cells (DMFCs) have been considered as promising power 

sources for automobiles and portable electronic devices, employing hydrogen proton 

exchange membrane electrolytes to convert chemical energy of the fuel directly into 

electricity with no harmful emissions. Although the operating principle of the fuel cell is 

similar to that of conventional battery, fuel cell requires continuous supply of the fuel and 

oxidant from external sources to produce electricity. The methanol is usually diluted with 

water, less than 2M, for better fuel efficiency.86-89  

The anode consumes methanol with water supplied to produce hydrogen (H+) ions and 

CO2:  

 
CH3OH + H2O → CO2 + 6H+ + 6e−  
 
and the hydrogen ions (H+) reacts with oxygen on cathode and produces water as the 

reaction product:  



 

21 

 
2O2 + 2H+ + 2e− → H2O  
 
However, the successful commercialization of DMFCs depends on the activity and 

durability of electrocatalyst involving the oxidation of methanol as well as the reduction 

of oxygen.90-92 At present, almost all pre-commercial low-temperature DMFCs use 

supported platinum (Pt) or Pt-alloys as their electrocatalyst. The critical parameters for an 

electrocatalyst include electrical conductivity, surface area, morphology, 

micro/nanostructure, corrosion resistance and cost. The reduction of the amount of Pt 

catalyst used can be achieved using high-surface-area carbon supports such as CNTs, 

fullerenes, graphene, etc., which generally enable the effective utilization of Pt 

catalysts.91-94 

Besides the superior electrical conductivity and outstanding mechanical 

properties, as a one-carbon atom-thick material, graphene has a high surface-to-volume 

ratio and a theoretical mass-specific surface area up to 2630-2965 m2/g. 

This surface-to-mass ratio is much larger than that of other carbon materials such as 

CNTs, carbon black, etc.95,96 Therefore, graphene has a unique advantage as a supporting 

platform for use of catalytic metallic materials to electro-oxidize methanol compared to 

other nanomaterials such as carbon black, CNTs, carbon nanofibers (CNFs), CNx 

nanotube etc.98-103  

Graphene/CNTs composites could be an excellent choice as an electrode material 

for methanol fuel cell. The vertical orientation of CNTs connected to the large-area 

graphene floor enables: (a) the ballistic transport of charge carriers through 1D CNTs and 
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their collection through the high carrier mobility 2D graphene floor, and (b) high surface-

to-volume ratio to achieve enhanced current density. Combining these two carbon 

allotropes with their outstanding electronic conductivity, graphene/CNTs composites 

could be a potential candidate as an excellent electrochemical test bed to study surface 

interactions and dynamics. Thus, a graphene/CNTs composite is chosen as a novel 

electrode system for mediating the metal catalytic electro-oxidation of methanol. The 

catalytic properties of such composites and their hybrids are studied and compared with 

other electrode systems with the aim of optimizing various factors such as different 

precious metal loading, high current density, and fast mass and electron transport rate 

such etc. 

 

1.10 Objective of the Work  
 

- Develop low cost chemical vapor deposition (CVD) technique for synthesis of 

large area graphene.  

- Synthesis of large area graphene nanomeshes (GNMs) by the combination of 

CVD and nanosphere lithography techniques. 

- To investigate the gas sensing properties/mechanism of GNMs sensor devices. 

- Application of graphene/CNTs composite structure and its hybrid as electrode 

materials in methanol fuel cells and non-enzymatic glucose sensor. 

   The morphology, crystal structure and electrical characteristics of CVD-synthesized 

large area graphene are investigated depending on the process conditions. A simple 

reactive ion etching (RIE) combined with well-established nanosphere lithography is 
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performed on the synthesized CVD-grown monolayer graphene platform to fabricate 

large area GNMs with specific dimension and periodicity. The gas sensing mechanism of 

fabricated GNMs chemiresistor sensor devices is evaluated by exposing them to electron-

withdrawing NO2 and electron-donating NH3 gas molecules. Furthermore, a graphene-

based hybrid nanostructure, which is a combination of two carbon allotropes such as 

graphene and carbon nanotubes, is applied in methanol fuel cells and sensing of blood 

glucose. 

 
1.11 Organization of the Thesis     
 
 Chapter 2 discusses CVD-synthesis and characterization of large area graphene 

using ethanol as a carbon precursor. Chapter 3 describes patterning of CVD-graphene 

into graphene nanomesh (GNM) using reactive ion etching and nanosphere lithography 

techniques. Chapter 4 presents gas-sensing properties/mechanisms of GNMs sensor 

devices in various gas molecules. Chapter 5 discusses the electrocatalytic activity of 

platinum (Pt) nanoflower decorated PGN in methanol oxidation. At last, concluding 

remarks of this dissertation along with suggestions for future work are presented in 

chapter 6.  
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CHAPTER 2 
 
 
The Production of Oxygenated Polycrystalline Graphene by 

One Step Ethanol-Chemical Vapor Deposition 

 
Large-area mono- and bilayer graphene films were synthesized on Cu foil (~ 1 inch2) 

in about 1 min by a simple ethanol-chemical vapor deposition (CVD) technique. 

Raman spectroscopy and high resolution transmission electron microscopy revealed 

the synthesized graphene films to have polycrystalline structures with 2-5 nm 

individual crystallite size which is a function of temperature up to 1000°C.  X-ray 

photoelectron spectroscopy investigations showed about 3 atomic% carboxylic 

(COOH) functional groups were formed during growth.  The field-effect transistor 

devices fabricated using polycrystalline graphene as conducting channel (Lc=10 ìm; 

Wc=50 ìm) demonstrated a p-type semiconducting behavior with high drive current 

and Dirac point at ~35 V. This simple one-step method of growing large area 

polycrystalline graphene films with semiconductor properties and easily 

functionalizable groups should assist in the realization of potential of polycrystalline 

graphene for nanoelectronics, sensors and energy storage devices. 
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2.1. Introduction 

Graphene, a one atom thick sp2-hybridized two-dimensional (2D) honeycomb 

lattice of a carbon allotrope, because of  its unique band structure, band-tuning ability, 

extremely high carrier mobility, themal transport properties and high chemical stability 

[1-3], is being envisioned as a promising material for replacing silicon in future 

electronics towards applications in actuators, solar cells, field-emission devices, field-

effect transistors, supercapacitors, and batteries [4-9]. To realize this goal will require 

large area synthesis of high quality graphene layers that is not presently possible with the 

current exfoliation method.  

Among the several approaches reported to-date, chemical vapor deposition (CVD) 

of carbon atoms on metal substrates has created great interest because of the low-cost 

production of graphene layers [10, 11]. Most importantly, highly crystalline large area 

monolayer graphene film can be grown directly on a copper (Cu) surface by a surface-

catalysis process up to 1000°C using a gaseous or solid carbon source such as methane 

(CH4), acetylene (C2H2) and polymethaylmethacrylate (PMMA) without the limitation of 

the underlying features of the copper substrate [6, 10, 12, 13].  Perfectly crystalline 

graphene, a zero bandgap material, while ideal for several electronic applications, lacks 

the semiconductor properties required for application as a transistor channel.  

Development of bandgap energy in graphene has ranged  from lateral charge confinement 

in lithographically patterned graphene nanoribbons to covalent attachment of aryl groups 

to the basal carbon and doping with nitrogen [14-16]. 
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A recent report on electronic transport modeling in polycrystalline graphene 

showed that an introduction of a short-range charge disorder, that is about 0.1 nm-1, can 

help achieve a higher on/off current ratio of about 103 larger than that of top gated single 

crystalline monolayer graphene field-effect transistor (about 5) [17, 18]. In fact, an 

introduction of a controlled amount of crystal defects could be a band-tuning tool for 

semi-metallic graphene film without engaging bulk bandgaps to achieve desired 

electronic properties. However, in a typical graphene synthesis method, incorporation of 

randomly oriented defects in the form of polycrystallinity should be the common features 

in the graphene film instead of having a certain periodicity of defects. Thus, a disorder 

induced polycrystalline graphene film may be worth studying in its practical application 

in nano- and opto-electronics.  

 In this report, we have evaluated the use of ethanol vapor as a carbon source for the 

synthesis of large area (>1 sq. in.) graphene by CVD on copper foil. Detailed 

investigation of the mono- and bi-layer graphene synthesized by ethanol precursor for 1 

min by Raman spectroscopy, high resolution transmission electron microscopy 

(HRTEM), X-ray photoelectron spectroscopy (XPS) revealed the material to be 

polycrystalline with a large number of edge defects and disorder and C=O and COOH 

groups. The size of graphene nanocrystal in the polycrystalline graphene, the amount of 

oxygen-related groups and the amount of sp2- and sp3-hybridized carbon were a function 

of the synthesis temperature. Field-effect transistor investigations demonstrated the film 

to be a p-type semiconductor with high drive current capacity. Randomly oriented defects 
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towards the grain boundaries of polycrystalline graphene could be beneficial to 

incorporate specific doping elements and/or different functional groups in the defect sites 

to achieve desired electronic properties. 

 

2.2 Experimental Procedure 

2.2.1 Growth and Transfer of Polycrystalline Graphene 

Graphene films were grown by CVD process on copper foil (25 µm thick and 2.5 

cm x 2.5 cm) as growth substrate. The process started with cleaning of the foil with 

acetone followed by drying with blowing Ar gas. The foil was then placed inside a fused 

silica tube (5 cm inside diameter by 100 cm long) and the temperature raised to 1000°C  

under flowing Ar/H2, 200 sccm (standard cubic centimeter per min)/100 sccm, followed 

by annealing for 30 min. The flow rates were controlled precisely by mass flow 

controllers. Graphene was synthesized at the specified growth temperature under an 

atmosphere of ethanol vapors in Ar as carrier gas (200 sccm) by the bubbling of 

anhydrous ethanol and H2 at 100 sccm for 1 min. After the reaction the bubbling was 

stopped and the substrate cooled naturally down to room temperature under Ar/H2 flow. 

Bilayer graphene films were removed from the Cu foil by etching in a 1 M aqueous FeCl3 

solution, followed by subsequent cleaning with an aqueous HCl (5%) and D.I. water. The 

cleaning steps were performed by gently removing the solution several times using a 

pipette to keep the graphene flims intact on the D.I. water surface. For monolayer, 

graphene on one side of Cu foil was removed with O2 plasma before the etching of the 
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foil. Graphene film was transferred/collected onto quartz or SiO2/Si substrate by 

contacting the substrate with the film floating on water. In the case of CH4-CVD of 

graphene film, the growth was performed at 900°C for 5 min in flowing Ar/H2/CH4 

(200/100/10 sccm) atmosphere. 

 

2.2.2 Materials Characterization 

Detailed characterization of synthesized large-area graphene layer was performed 

using optical microscopy, Raman spectroscopy (Nicolet Almega XR Raman microscope; 

λEX= 532 nm), X-ray photoelectron spectroscopy (XPS; PHI Model 5400AXIS Ultra 

Kratos XPS) and transmission electron microscopy (TEM; Philips, CM300, Japan) with a 

LaB6 cathode operated at 300kV.  

For electrical characterization, the as-grown graphene film was transferred on p+ 

Si/SiO2 substrate. The heavily doped Si substrate served as a global back-gate, while the 

thermally grown SiO2 (300 nm ) was used as gate insulator. Source and drain electrodes 

were fabricated to a graphene film (channel length, Lc: 10 µm and width, Wc: 50 µm) 

using photolithography to define the contact areas, followed by electron-beam 

evaporation of Cr (20 nm)/Au (180 nm) using an E-beam evaporator (Temescal, BJD-

1800). I–V characteristics of individual graphene FET were obtained at room temperature 

using a semiconductor parameter analyzer (Hewlett Packard-4155A, Austin, TX, USA).  

 

2.3 Results and Discussion 
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Fig. 1a shows optical micrographs of mono and bilayer polycrystalline graphene 

films grown at 900°C for 1 min in flowing H2 (80 sccm) and ethanol vapor saturated Ar 

(200 sccm) atmospheres, floating on  deionized (D.I.) water after etching of Cu foil in 1 

M aqueous FeCl3 solution. Since graphene was formed on both sides of the Cu foil (~25 

µm thick), two films are attached together on the removal of interfacial Cu foil during the 

etching process to give a bilayer. For monolayer graphene, one side of the Cu foil was 

exposed to O2 plasma to extract the film formed on the other side. Both monolayer and 

bilayer films had high transparencies as evident by 97% and 91% transmittance, 

respectively, in the 500 to 1000 nm wavelength regime (Fig. 1b). 

 
Figure 2.1. a) Optical micrograph showing single layer and bilayer graphene film 

synthesized at 900°C for 1 min using ethanol-CVD, floating on D.I. water. b) Optical 

transmittance of single and bilayer graphene films on a quartz substrate showing a 

transmittance value of about 97% and 91%, respectively, in the 500-1000 nm wavelength 

regime.  
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The Raman spectrum of single layer graphene films synthesized using ethanol 

vapor  and CH4 precursors at 900°C are presented in Fig. 2a.  As expected, the Raman 

spectrumof graphene film grown using CH4 precursor had (a) G-band (1560 cm-1 to1620 

cm-1) comprised of E2g vibrational mode of sp2-bonded carbon in a two dimensional 

hexagonal lattice, (b) a negligible disorder mode D-band (1300 cm-1 to 1400 cm-1) due to 

the breathing vibrations of sp2 carbon rings with dangling bonds in plane terminations of 

the disordered graphite which becomes Raman active after neighboring sp2 carbons are 

converted to sp3 hybridization in graphitic structure [19, 20], (c) 2D-band (2660 cm-1 to  

 
Figure 2.2 a) A comparison of collected Raman spectra of CVD grown graphene film 

synthesized at 900°C using CH4 and C2H5OH precursors. b-e) Raman spectra of CVD 

grown graphene film grown for 1 min using ethanol vapor as a function of temperature.  

 
 
2700 cm-1) comprised of a second order vibration appearing from the scattering of 

phonons at the zone boundary and (d)  2D-band intensity approximately two times the 

intensity of G-band. These results are consistent with the characteristics for highly 
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crystalline graphene layers [10, 11].On the other hand, in the case of graphene film 

grown using ethanol vapor the intensity of D-band at 1345 cm-1 became the most 

prominent feature in the Raman spectrum and the characteristic 2D-band intensity at 

2675 cm-1 was significantly reduced, characteristics of highly disordered sp3 hybridization 

of carbon lattice was not observed in graphene film synthesized using CH4. Further, these 

films had a large number of edge defects and disorder as evidenced by the well-defined 

presence of D* band at 1620 cm-1 and strong (G + D) band at about 2940 cm-1, 

respectively [21].   

Having confirmed that the graphene film using ethanol vapor had unique 

polycrystalline features not present in methane grown film, we investigated the effect of 

synthesis temperature, while keeping the other process parameters constant, on 

crystallinity using Raman microscopy (Fig. 2b-e). As shown in these spectra, the FWHM 

(full width at half maximum) of the G-band decreased and was an inverse function of the 

growth temperature, which is direct evidence of enhanced sp2-hybridization of carbon 

lattice and the annealing of structural defects [22]. On the other hand, the ID/IG ratio 

decreased gradually from a value of 1.36 at 850°C (Fig. 2b) to about 0.38 at 1000°C (Fig. 

2e), revealing the restoration of damaged lattice, i.e., induction of the crystalline order at 

higher growth temperature. However, the presence of disorder-induced D and (G+D) 

features in the graphene film synthesized by ethanol-CVD was not totally diminished 

even up to 1000 °C. Thus, the higher growth temperature may increase the crystallite size 

in polycrystalline graphene film only by the maximal restoration of existing defects up to 
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1000 °C, which were further analyzed using TEM studies (Figs. 3 and 4). This 

observation confirms the existence of short-range order in graphene films even at higher 

growth temperatures as well as the inability of these films to achieve long range order of 

AB stacking sequences. 

 

 

Figure 2.3 Electron diffraction pattern of CVD grown graphene film synthesized at 900°C 

using a) C2H5OH (for 1 min) and b) CH4 (for 5 min) precursors. 

 
Fig. 3 shows a comparison of the electron diffraction patterns taken from the 

graphene films synthesized at 900°C using ethanol vapor and CH4 gas.  The ethanol-

derived graphene film (Fig. 3a) consisted of concentric rings corresponding to (002) and 

(100) planes of graphitic structures, which are expected due to the highly polycrystalline 

nature of the graphene layer. The Bragg spacings d002 and d100 were found to be 0.347 nm 

and 0.210 nm as compared to 0.348 nm and 0.212 nm, respectively, for single crystal 
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graphitic structure (JCPDS data). On the other hand, the CH4-derived graphene film (Fig. 

3b) had the typical six-fold symmetrical spots attributed to the long range crystalline 

ordering of mono- or bi-layer single crystal graphene film.  

 

 

Figure 2.4. a, b) HRTEM and corresponding c, d) inverted FFT images of polycrystalline 

graphene film synthesized at 900°C and 1000°C using ethanol vapor. 

 
To further characterize the polycrystallinity in ethanol-derived graphene film, 

HRTEM analysis was carried out. Fig. 4 shows HRTEM and corresponding inverted FFT 

images of graphene films synthesized at 900°C and 1000°C for 1 min using ethanol 

vapor. The size of individual crystals in polycrystalline graphene synthesized at 900°C 

and 1000°C were about ~2 nm (Fig. 4c) and ~5 nm (Fig. 4d), respectively. The inset 
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HRTEM image in Fig. 4b clearly shows the two dimensional lattice fringes of individual 

graphene crystals. The interplanar d-spacing measured from the fringe pattern, as 

indicated in Fig. 4b, was about 0.215 nm corresponding to the {100} planes of the 

graphitic crystal system. These results revealed that the size of graphene nanocrystals in 

the polycrystalline graphene film increased at 1000°C due to the restoration of defect 

sites at high temperature.  

 

 
 

Figure 2.5 XPS spectra of ethanol CVD grown graphene film synthesized at a) 900°C and b) 

1000°C for 1min using ethanol vapor. 

 

Fig. 5 shows the X-ray photoelectron spectroscopy (XPS) of graphene films 

grown by ethanol-CVD at 900oC and 1000oC. We first examined the XPS spectra for 

graphene synthesized at 900oC. As shown in Fig. 5a, the C 1s XPS spectra exhibited three 

Gaussian peaks centered at 284.2 eV, 285.5 eV and 288.3 eV, attributed to sp2-hybridized 

carbon atoms (C=C), keto (C=O) and carboxylic (COOH) or epoxy groups, respectively 
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[21, 23]. The presence of C=O and COOH are strong indicators of considerable degree of 

oxidation. The amount of sp2- and sp3-hybridized carbon were estimated to be 92% and 

8%, respectively. The ratio of sp3/sp2 carbon atoms could also explain the large intensity 

of the D-band observed in Raman spectroscopy in Fig. 2. It is likely that oxygen-related 

functional groups could have originated from the dissociated ethanol vapor at high 

temperature. The grain boundaries in polycrystalline graphene are unsaturated carbon 

sites where bound oxygen and hydrogen in the oxygen related functional groups could 

saturate the carbon dangling bonds. The amount of –COOH functional group was 

estimated at ~3 atomic%, which is comparable to the 0.5 to 3% in commercial CNTs. The 

high content of COOH functional groups in the large area polycrystalline graphene were 

incorporated in-situ during the CVD growth as opposed to the traditional post-synthesis 

nitric acid refluxing, as in the case of CNTs. This is a significant advantage since acid 

treatement involves modification of unsaturated carbon-carbon bonds on CNT surfaces 

that can have serious implications on electronic properties. The presence of COOH 

groups opens the way for further functionalization and covalent binding of various 

monomer and polymer matrices to graphene for applications in energy storage, biological 

systems, photovoltaics and nanoelectronics [22-24].Further studies would be required for 

a better understanding of methods to control the amount of functional groups in the 

polycrystalline graphene.  Figure 5b shows the XPS spectra of polycrystalline graphene 

film synthesized at 1000°C. While spectra were similar in terms of the major peaks, there 

were however subtle important differences. Notably, there was an increase in the 

intensity and sharpness of the peak at 284.6 eV and decrease in the intensity of the peak 
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at 288.3 eV. The former is attributed to increased sp2-hybridization of carbon lattice at 

higher temperatures whereas the latter is a result of the removal of oxygen-related 

functional groups during cooling of the film from 1000oC to room temprature under 

Ar/H2 environment. The amount of sp2- and sp3-hybridized carbon atoms were estimated 

at about 97% and 3%, respectively, compared to 92% and 8%, respectively, in film 

grown at 900oC (Fig. 5a).  Moreover, there was a typical redshift (~0.4 eV) towards lower 

binding energy and broadening of C 1s peaks caused by the incorporation of oxide 

functional groups which is similar to the case for p-doped carbon nanotubes in graphene 

film synthesized at 900°C compared to one synthesized at 1000°C [25, 26]. 

 

 
 
Figure 2.6 Electrical properties of polycrystalline graphene film synthesized at 900°C using 

ethanol vapor. a) Low bias two terminal source–drain current–voltage (Id–Vds) and b) 

transfer (Id-Vg) characteristic curves recorded on a graphene FET (Lc=10 μm and Wc=50 

μm). 

 
 



 

45 

To evaluate the impact/contribution of oxide functional group incorporation on 

the electronic properties of polycrystalline graphene film, we performed field-effect 

transistor studies (Fig. 6), on polycrystalline graphene having channel length (Lc) and 

width (Wc) of about 10 µm and 50 µm, respectively. Source-drain current (Ids) vs. the 

source-drain voltage (Vds) characteristic curves at different gate voltages (Vg) for the 

polycrystalline graphene (Fig. 6a) exhibited typical p-channel transistor behavior as well 

as clear gate modulation of conductance compared with that of CH4-CVD grown 

graphene film, which could be attributed to the polycrystalline nature of ethanol-CVD 

grown graphene film[11]. Additionally, the total drive current of the polycrystalline 

graphene FET showed comparatively much higher value than the sub-micron width bulk 

graphene FET showing similar gate modulation with the gate biases [10, 11, 15]. 

Similarly, the transfer curve of the device with back gate voltage varied from −40 to 40 V 

at Vds of 1V showed a slow increase of Ids with decreasing Vg (Fig. 6b), confirming a p-

type behavior of the polycrystalline graphene FET having a Dirac point at about 35V. 

The p-type behavior as well as shifting of the Dirac point can also be attributed to the 

adsorbed oxygen and the oxygen-related functional groups (such as C=O and COOH) 

and is in accordance with the observations of p-type doping when the edge defects in 

carbon nanotube (CNT), CVD graphene and graphene nanoribbon are terminated by 

hydrogen and oxygen and hydroxyl and carboxylic groups [27-29]. The decrease in Lc 

and Wc of polycrystalline graphene channel by patterning polycrystalline graphene into 

nanoribbons 30-32] or nanomesh [33] can potentially improve gate modulation further. 
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2.4 Conclusion 

Using an ethanol-chemical vapor deposition technique, polycrystalline graphene 

film was synthesized utilizing surface catalysis mechanism on a copper surface. By using 

Raman spectroscopy, X-ray photoelectron spectroscopy, electron diffraction pattern 

analysis and high-resolution transmission electron microscopy techniques, we 

demonstrated the polycrystalline nature of synthesized graphene film showing p-type 

semiconducting behavior as well as incorporation of oxygen-related carboxylic functional 

group (~ 3 at.%). The sizes of individual graphene crystallite in the graphene films 

synthesized at 900°C and 1000°C were about 2 nm and 5 nm, respectively, and they are 

oriented in [100] the crystal direction. The synthesized polycrystalline graphene film 

could potentially be exploited in the doping of heteroatoms as well as binding with other 

functional groups for desired applications. The reported method provides large-area 

polycrystalline graphene film, which could be a potential candidate to study further for 

applications in sensors, energy storage, biological systems and nanoelectronics. 
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CHAPTER 3 

 
Patterning of Large Area Graphene Using Nanosphere 

Lithography: Toward High ION/IOFF Ratio Graphene Nanomesh 

Field-Effect Transistor  

 

The zero bandgap of semimetal graphene still limits its application as an effective 

field-effect transistor device operating at room temperature.1 Thus, continuous 

efforts have been made to open up a bandgap in this material. It has been shown 

theoretically and experimentally that graphene nanoribbons (GNRs)2 or 

nanomeshes (GNMs)3 can attain a bandgap that is large enough for a transistor 

device, and show considerable transconductance or ION/IOFF ratio while being used as 

channel materials. In this work, a simple reactive ion etching (RIE) combined with 

well-established nanosphere lithography was performed to fabricate large area 

GNMs from ethanol-chemical vapor deposition (CVD) grown monolayer graphene 

film. The detailed process conditions were optimized and characterized to form 

GNMs with specific dimensions and periodicity. The fabricated GNM transistor 

device exhibited promising electronic properties featuring high drive current and 

ION/IOFF ratio of about 6, significantly higher than it’s film counterpart. This method 

could also open up a way to fabricate nanomesh of various thin-film semiconductors 

for nanoelectronics.  
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3.1 Introduction 

Since the discovery of graphene in 2004,1 significant efforts have been made to 

open a bandgap in this zero-bandgap two-dimensional (2D) carbon nanostructure for 

room temperature transistor operation. In fact, it has been shown experimentally that 

processing of graphene into a feature size of less than 10 nm in the form of graphene 

nanoribbons (GNRs) could potentially open up large enough bandgap to be used as 

transistor channel materials.2 Currently, chemical and sonochemical approaches, 

unzipping carbon nanotubes (CNTs), plasma etching of CNTs and masking graphene 

with silicon nanowires (SiNWs) have been employed to fabricate GNR transistor 

devices.2,4-7 However, single GNR transistor devices usually have low driving current or 

transconductance. Therefore, mass production of GNRs as well as their successful 

alignment is required to develop dense arrays of circuitry for practical devices. Even 

though wafer scale graphene have been produced recently using chemical vapor 

deposition (CVD) techniques, but it is still challenging to pattern this graphene into 

GNRs using the state-of-the-art techniques such as e-beam lithography. 

 Recently, an alternative approach to produce graphene nanostructure called 

graphene nanomesh (GNM) with sub-10 nm features using block copolymer lithography 

patterning was reported.3 These GNMs possessed an electronic bandgap, and fabricated 

GNM transistor devices showed an ION/IOFF value comparable to individual GNR devices 

and supported driving currents about 100 times higher than the individual GNR device. 

Due to the unique characteristics, GNMs are being investigated further for possible 

applications in nanoelectronics. Large-scale GNMs have also been fabricated using self-
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assembled monolayers of monodispersed SiO2 colloidal microspheres.8 These colloidal 

spheres can be synthesized in the size range of 50 nm to several micron using established 

chemistries, or are readily available commercially. Therefore, these two approaches have 

attracted significant interest to achieve GNMs with different neck width and periodicities. 

In this work, large-area GNM was synthesized using nanosphere lithography optimizing 

detailed process conditions. The process used polystyrene (PS) spheres to make a 

periodic nanoporous platinum (Pt) mask for etching graphene. Using this approach the 

neck width of nanoporous mask can be tuned over a large range to finally achieve GNM 

with desired neck width. This approach can also be employed in fabricating large area 

nanomesh of different thin film semiconductors for nanoelectronics. 

 

3.2 Experimental Procedure 

Synthesis of large area GNM film: Graphene film was grown by ethanol-CVD 

process as described previously,9,10and transferred onto SiO2 (300 nm)/Si substrate. 

Scheme 3.1 represents the detailed process flow for synthesis of GNMs from CVD-

grown large area graphene film. At first, PMMA is spin-coated onto graphene/SiO2/Si 

substrate and baked at 110°C for 5 min, followed by O2 plasma etching for 40 sec to 

make the surface hydrophilic. This substrate was used as the platform to perform 

nanosphere lithography. A stock solution consisting of 10 wt% PS spheres (Alfa Aesar) 

was ultra-sonicated in ethanol/water (1:1) solution for 30 min to disperse the PS spheres 

uniformly. Subsequently, a few drops of the stock solution are dispersed on the D.I. water 

surface and a drop of SDS (1%) solution was added to assemble those PS spheres into a 
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large area compact monolayer film on the water surface. The PMMA coated 

graphene/SiO2/Si substrate was then brought into the contact of PS monolayer film on the 

water surface and transferred to cover the whole substrate, followed by drying at room 

temperature.  

 

 

Scheme 3.1 Detailed process flow to synthesize large area GNM using PS nanosphere 

lithography. 
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Reactive ion etching (RIE; O2) was then employed to define the desired gaps (comprised 

of resulting neck width of GNMs) between the spheres; the smaller the neck width, the 

shorter the etching time is required. Subsequently, a 15 nm Pt was deposited over the 

substrate using an e-beam evaporator to fill up the gaps. To perfectly remove the PS 

sphere afterwards, that is to form Pt nanomesh mask over the substrate, two approaches 

were employed: (1) ultra-sonication of PS spheres off the substrate and/or (2) dissolution 

of PS spheres in cyclohexane and 1-choropentane at 60°C for 2 h to optimize the process 

conditions. In the second RIE step, the substrate was exposed to O2 for 150 sec to remove 

the graphene in the unprotected area from Pt nanomesh. A second lift-off in acetone 

removed the Pt nanomesh and underneath PMMA to form GNMs over SiO2/Si substrate.  

 
3.3 Results and Discussion 
 

The realization of a nanoporous mask of Pt over the large area graphene film 

which can then be exposed to O2 plasma to etch the graphene in the unprotected areas is 

the crucial step in synthesizing GNMs. The preparation of the Pt nanoporous mask 

consisted of four steps: 1) formation of a densely packed monolayer of PS nanospheres, 

2) controlled etching of PS nanospheres to open gaps, 3) deposition of Pt and 4) removal 

of PS nanospheres. Figure 3.1 shows self-assembled monolayer of PS spheres transferred 

onto PMMA/graphene/SiO2/Si substrate. As shown in Figure 3.1a, a monolayer of PS 

spheres (~200 nm) formed a close-packed hexagonal array over the entire substrate. The 

simple methodology of making closely packed nanospehere layer demonstrated here can 

be easily scaled to wafer level by using a larger water surface.  PS nanospheres were then 
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etched using RIE. This is an important step as it will determine the neck width of the final 

graphene nanomesh, a larger reduction in PS nanosphere size will produce a wider neck 

width and vice-versa. As shown in Fig. 3.1b, RIE for 10 sec at 200W in flowing 50 sccm 

of flowing O2, reduced the PS nanosphere size to form an average gap of 15-20 nm while 

keeping the pitch between the PS spheres unchanged. However, almost all PS 

nanospheres were etched away leaving debris of small PS fragments when the etching 

time was increased to 20 s (Fig. 3c). On the other hand, an etching time of 5 s did not 

produce sufficient etching to produce any gap (fig. not shown). Following the RIE, 15 nm 

thick Pt was deposited in the gap between PS nanospheres by metal evaporator and the 

sample was processed to remove the PS nanospheres. 

 

 

 
 
 
 
 
 
 
 
 
 
 

 
 

 

Figure 3.1 SEM images of self-assembled monolayer of PS spheres over SiO2/Si substrates a) 

before and after RIE etching at 200W for b) 10 sec and (c) 20 sec. 
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The complete removal of PS nanospheres is another critical step in the production 

of a perfect Pt nanomesh over the entire substrate. The existence of any PS nanosphere in 

the Pt nanomesh is problematic since the unremoved PS spehere would protect graphene 

from etching in O2 plasma, which will eventually form a defect in the nanoporous 

periodicity in the resulting GNM.  Three different methods involving ultrasonication, 

wet-etching (lift-off) and a combination of the two were evaluated for PS nanosphere  

 
 
Figure 3.2 SEM images of Pt nanomesh formation after removal of PS spheres using 

ultrasonication for a) 30 sec, b) 60 sec, c) 90 sec in deionized water and d) magnified image 

of area P in image c). 
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removal.  Ultrasonication is the most commonly use method to remove colloidal spheres.8  

Three (30, 60 and 90s) intervals of sonication for PS sphere removal were investigated 

and the SEM images of Pt nanomesh after removal of PS spheres are shown in Fig. 3.2. 

With 30 s sonication (Fig. 3.2a), the PS spheres removal was totally inefficient. Even up 

to 90 s sonication (Fig. 3.2c), most of PS spheres remained on the substrate. Figure 3.2d 

taken from region P in Fig. c, confirmed the formation of Pt nanomesh in some areas with 

certain periodicity, and without any damages of Pt film for 90 sec sonication.  However, a 

longer sonication time disintegrated the Pt nanomesh (figure not shown). 

 Selective solvents have been used for reversible self-assembly or 

reconstruction/reorganization of polymer domains in block copolymers.11,12 Cyclohexane 

has been recognized as one of the solvents for selective removal of PS in PMMA 

matrix.13 Figure 3.3a shows SEM images of Pt deposited substrate after immersing in 

cyclohexane at 60°C for 2 h. Even though the treatment decreased the diameter of the PS 

spheres was decreased due to the surface etching, the spheres were still attached on the 

underneath PMMA surface. This is may be due to the residual PS remaining at the 

interface of PS spheres and PMMA surface, and the PS adsorbed to PMMA surface from 

solution of PS in cyclohexane.14 As shown in the Fig. 3.3a inset, some PS spheres were 

released or tend to release at some satellite areas. However, additional removal was only 

possible through a 90 s ultrasonication (Fig. 3.3b). 

 To further investigate/optimize the conditions for the complete removal 

of PS spheres, 1-chloropentane was used as an alternative selective solvent and the results 
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were compared with cyclohexane-treated samples. SEM images in Figure 3.4 compares 

the Pt nanomesh formation over PMMA/graphene/SiO2/Si substrate after removal of PS 

spheres in cyclohexane and 1-choropentane at 60°C for 2 h. As shown in Figure 3.4b, 1-

chloropentane treatment was more efficient in removing PS speheres when compared to 

cyclohexane (Fig. 3.4a). In fact, PS spheres were essentially non-existent in the Pt 

nanomesh after 1-chloropentane treatment, as a consequences of 1-chloropentane 

providing a weaker driving force than cyclohexane for adsorption of PS to PMMA.14 

The electronic properties of the resulting GNMs can be tuned by changing the 

size of the graphene neck-width by controlling the neck-width of the nanoporous Pt mask 

through control of the gap between two nanospheres. Figure 3.5 shows the effect of 

etching time of PS nanospheres on the resulting Pt nanomeshes. With RIE for 5 sec, the 

gaps were not still formed and produced hexagonal nanodot arrays of Pt after e-beam 

evaporation of 15 nm Pt.  As the duration of RIE was increased to 10 sec, the resulting 

neck-width of the Pt nanomesh was about 20 nm (Fig. 3.5b). The neck-width of Pt 

nanomeshes was about 60 nm and 110 nm for 12 sec and 15 sec RIE, respectively, as 

shown in Figures 3.5c and 3.5d. These results revealed that process parameters such as 

RIE time, RF power and flow rate of O2, can be varied to control the neck-width and the 

periodicity of the GNMs. 
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Figure 3.3 SEM images of Pt nanomesh formation after removal of PS spheres in 

cyclohexane at 60°C for 2 h. a) without sonication and b) additional sonication for 90 sec in 

D.I. water. 
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Figure 3.4 SEM images of Pt nanomesh formation after removal of PS spheres in a) 

cyclohexane with additional 90 sec ultrasonication and b) 1-chloropentaneat 60°C for 2 h. 
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Figure 3.5 SEM images of Pt nanomeshes over PMMA/grapheme/SiO2/Si substrates 

depending on RIE etching time of self-assembled PS monolayer; (a) 5 sec, b) 10 sec, (c 12 sec 

and d) 15 sec. 

 

Figure 3.6 shows SEM images of large area CVD-grown graphene and 

corresponding GNMs after O2 plasma etching of Pt nanomesh/PMMA/graphene/SiO2/Si 

substrate at 100 W for 150 s in 50 sccm flowing O2 atmosphere, followed by successive 

removal of Pt nanomesh and PMMA in aqua regina and acetone. As shown in Figure 

3.6a, several wrinkles are frequently observed in the large-area graphene film during the 

transfer process. These wrinkles were existed/broken during the nanomesh processing 
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steps, and their traces are clearly visible in the large area nanomesh (Fig. 3.6b). However, 

our demonstrated processing steps on ultraflat graphene15 would potentially remove these 

defects over the entire GNMs surface. As shown in the inset of Fig. 3.6b, the synthesized 

GNM exhibited narrow neck-width of about ~20 nm with certain periodicity. This 

process also demonstrates that large area GNMs with desired neck-widths and 

periodicities could be attainable by changing the duration/power of RIE and the diameter 

of PS spheres, respectively. 

 

 
 

Figure 3.6 SEM images of large area a) CVD-grown polycrystalline graphene onto 

SiO2/Si substrates and corresponding synthesized GNMs using PS nanosphere 

lithography.  
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Figure 3.7 Electrical properties of synthesized GNM film. a) Low bias two terminal source–

drain current–voltage (Id–Vds) and b) transfer (Id-Vg) characteristic curves recorded on a 

GNM FET (Lc=3 μm and Wc=200 μm). 

 

    

To investigate the electronic properties of fabricated GNM-based transistor, a 

three terminal transistor device was made using GNM as the semiconducting channel, e-

beam evaporated Ti (20 nm)/Au (180 nm) source-drain contacts, a highly doped p-type Si 
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as global back gate, and 300 nm thermally grown SiO2 as the gate dielectric. Figure 3.7 

shows the electrical transport characteristics of the fabricated GNM transistor with a 

neck-width ~20 nm. Drain current (Id) versus source-drain voltage (Vsd) with various gate 

voltages (Vg) of the GNM showed p-type transistor behavior (Fig. 3.7a). The hole doping 

of synthesized GNM can be attributed to the edge oxidation during the O2 plasma process 

similar to the GNR-based transistor devices reported earlier.2  The Id-Vg curve (Fig. 3.7b) 

at a Vsd of 1 V showed ION/IOFF ratio of ~6.5, which is higher than the ethanol-based 

graphene film (about 3),10 and comparable to sub-20nm width GNR transistor device 

(about 5).2 Further optimization of RIE conditions should easily allow to synthesize 

GNMs with narrower necks as described in Fig. 3.5, thus providing higher ION/IOFF GNM 

transistor devices. 

 

3.4 Conclusion 

  Using a simple polystyrene nanosphere lithography technique, we systemically 

investigated the process conditions and synthesized large-area graphene nanomesh from 

CVD-grown graphene film. In fact, this method can be scaled to wafer scale GNMs using 

the current wafer scale CVD grown graphene platform. The resulting neck-width of the 

synthesized nanomesh was about ~20 nm and comprised of the gap between polystyrene 

spheres that was formed during the reactive ion etching process. The neck-width and the 

periodicities of the graphene nanomesh could be easily controlled depending the 

duration/power of RIE and the size of PS nanospheres. Our demonstrated approach could 
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open up a way to fabricate various thin-film semiconductor nanomeshes for application in 

scalable nanoelectronics.   
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CHAPTER 4 
 

Large Area Graphene Nanomesh Synthesis for Chemiresistor 

Gas Sensors 

 

Graphene, one of the carbon allotropes, has attracted significant attention as a 

promising sensor material because of the sensitivity towards different gaseous 

species and biomolecules. In this work, ethanol-chemical vapor deposition (CVD) 

grown p-type semiconducting large-area (~1 in2) monolayer graphene film patterned 

into nanomesh by the combination of nanosphere- and optical-lithography was 

applied for chemiresistor gas sensor devices. The nanomesh sensor devices showed 

excellent sensitivity towards NO2 and NH3, significantly higher than their film 

counterparts. The change in conductance of the graphene nanomesh sensor devices 

in response to NO2 or NH3 was a combined result of high defects density, charge 

confinement and charge transfer effects. The ethanol-based graphene nanomesh 

sensor devices exhibited sensitivities of about 4.32%/ppm in NO2 and 0.71%/ppm in 

NH3 with estimated limit of detections of 15 ppb and 160 ppb, respectively. Our 

demonstrated studies on the sensing properties of graphene nanomesh would lead to 

further improvement of its sensitivity and selectivity as a potential sensor material.  
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4.1 Introduction 

   Nanostructured materials are promising candidates as sensor elements due to their high 

surface-to-volume ratio that potentially leads to exceptional device performance, reduced 

device size and low power consumption.[1-4] Chemiresistor and field-effect transistors 

based sensors are the most common type and simplest sensors. In these types of sensors, 

the modulation of electrical resistance/conductance of the sensing element resulting from 

the interaction with the analyte is measured using a simple ohmmeter. Graphene, a one 

atom thick sp2 hybridized two-dimensional honeycomb lattice of carbon with 

extraordinary mechanical, thermal and electronic properties is an interesting nanomaterial 

that is receiving significant attention for chemiresistor (CR) and field-effect-transistor 

(FET) sensor devices.[5-8] Recently, there have been several reports in the literature 

demonstrating application of graphene for  CR/FET chemical and biological sensors.[9,10] 

However, the material used, in all but one of the reported devices was chemically derived 

graphene, i.e. graphene oxide (GO). Although elegant, there are significant drawbacks in 

full-scale development of devices made from derived graphene/GO. First, GO is 

inherently insulating and hence it has to be reduced before it is useful as the conduction 

channel of CR/FET. Second, because of variability in the degree of reduction of the GO 

making the conduction channel of CR/FET there could be a problem in device-to-device 

reproducibility. Third, the expansion/exfoliation method used for producing GO produces 

micron size multilayer flakes of random geometry, which while suitable for single device 

fabrication for demonstration purposes have serious limitations in fabrication of large 

numbers of devices with reproducible performance. These drawbacks can be alleviated 
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using graphene or derivatized graphene with uniform morphological, chemical and 

electrical properties. This can be achieved by synthesizing graphene at wafer level using 

chemical vapor deposition. However, CVD produced graphene although semiconducting 

has zero bandgap and FET devices made with such graphene cannot be truly turned off 

and hence cannot compete with conventional complementary metal-oxide-semiconductor 

(CMOS) devices in terms of ION/IOFF ratio. Recently, it has been shown theoretically and 

experimentally that lateral confinement of the graphene into sub-10 nm wide graphene 

nanoribbons (GNRs) could induce a bandgap by the quantum confinement and edge 

effects.[11] The bandgap of a GNR is related with the ribbon width by the equation[12]  Eg = 

0.8/W, where Eg is the bandgap and W is the ribbon width in nanometer. Several reports 

have been published over the last few years showing the ability of bandgap tuning of 

ultra-narrow GNRs and their possible applications in nanoelectronics.[13-17] However, 

single GNR devices usually show low driving currents or low transconductances. Thus, 

despite the promising electronic properties, single GNR devices cannot be applied on the 

platform of scalable electronics because there is no state-in-the-art technique to integrate 

them in a wafer scale circuitry. Moreover, patterning of wafer scale chemical vapor 

deposition (CVD)-grown graphene into sub-10 nm dimensions is still challenging with 

the e-beam lithography. 

Recently, an approach named block copolymer lithography was reported to 

pattern micron-size exfoliated graphene into graphene nanomesh (GNM).[18] The resulting 

GNMs exhibited large enough bandgap to be used as a semiconducting channel in a FET. 

In fact, GNM-FET devices showed high ION/IOFF ratio with remarkably higher driving 
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currents than single GNR-FET devices. The narrow neck-width of GNM confines the 

charge while being used as channel in an FET device. However, the size of the 

synthesized GNM is limited to the micron-sized exfoliated graphene. Thus, synthesis of 

large area graphene nanomesh needs to be demonstrated using the state-of-art techniques 

to achieve larger device density for realizing its practical applications.  

Recently, we showed that ethanol-based CVD grown graphene (gEtOH) exhibited 

a p-type semiconducting behavior due to the polycrystalline nature as opposed to the 

ambipolar electron transfer characteristics of methane-based CVD grown graphene 

(gCH4).[19,20] In the two-dimensional (2D) polycrystalline gEtOH, grain boundaries are the 

one-dimensional (1D) interfaces between two crystalline domains with different 

crystallographic orientations. In fact, the grain boundaries and oxygenated functional 

groups present in the polycrystalline gEtOH act as defect sites to induce short-range 

charge disorder leading to higher ION/IOFF ratio in a gEtOH FET device.[20] In this work, we 

report large area patterning of graphene film  into GNM using a simple reactive-ion-

etching (RIE) modified polystyrene (PS)-nanospheres-lithography technique and its 

application as gas sensors for toxic gases NO2 and NH3  that affect human health. We also 

fabricated sensor devices using graphene films to compare their sensitivity to nanomesh 

counterparts. Fabricated gEtOH nanomesh sensor devices showed room temperature limit 

of detections of 15 ppb and 160 ppb in NO2 and NH3, significantly lower than 

Occupational Safety and Health Administration (OSHA) permissible exposure limits of 5 

ppm (NO2) and 50 ppm (NH3), respectively. 
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4.2 Experimental Procedure 

Growth of large area graphene film and patterning into graphene nanomesh 

(GNM): Large area (~1 in2) graphene films grown by methane-CVD19 and ethanol-CVD20 

processes were transferred onto SiO2/Si substrate. PMMA was spin-coated over the 

graphene/SiO2/Si substrates and baked at 110°C for 5min, followed by O2 plasma etching 

for 40 sec to make the surface hydrophilic. A stock solution consist of 10 wt% PS 

nanospheres (200 nm average diameter; Alfa Aesar) was ultra-sonicated in ethanol/water 

(1:1) solution for 30 min to disperse the PS nanospheres properly. A few drops of the 

stock solution were added on the D.I. water surface in a petri dish. In this step, several 

islands of monolayer PS nanospheres were visible on the water surface. Interestingly, a 

drop of SDS (1%) solution immediately assembled those islands into a large area 

compact monolayer film of PS nanospheres on the water surface. The PMMA coated 

graphene/SiO2/Si substrate was then brought into the contact of PS monolayer film on the 

water surface and easily transferred to cover the whole substrate, followed by drying in 

room temperature. Reactive ion etching (RIE; O2) was then employed at 75 W for 10 sec 

in flowing 50 sccm O2 to define 15-20 nm gap (comprised of resulting neck width of 

GNMs) between the nanospheres. A 15 nm Pt was deposited over the substrate using an 

e-beam evaporator (Temescal, BJD-1800) to fill up the gaps. A lift-off in 1-choropentane 

(Sigma) at 60°C for 2 h confirmed selective and complete removal of the PS nanosphere 

to result a perfect Pt nanomesh mask. In the second RIE step, the substrate was exposed 

to O2 plasma at 75 W for 150 sec in flowing 50 sccm O2 to remove the PMMA/graphene 
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in the unprotected areas from Pt nanomesh. A second lift-off was carried out in acetone 

removed Pt nanomesh mask and PMMA to form GNM over SiO2/Si substrate. 

Gas sensing measurements of GNMs sensor: GNMs sensor devices were 

fabricated by writing finger-like source-drain Ti (20 nm)/Au (180 nm) electrodes with 3 

μm channel length defined by optical lithography. The samples were then mounted on a 

chip holder and wire bonded to complete fabrication of GNM chemiresistor gas sensor 

devices. GNM sensors were then placed inside 1.3 cm3 glass chamber with inlet and 

outlet ports. Dry air or air/NO2mixtures or air/NH3 mixtures was supplied into the glass 

chamber maintaining a total flow rate of 200 sccm controlled by mass flow controllers 

(MFCs). The sensor arrangement was subjected to 1 V source-drain (Vsd) bias and the 

two-probe resistance across the sensor was recorded continuously using a dual channel 

Keithley Source Meter (Model 2363A). A custom Labview program was developed to 

control the MFCs and monitor the resistance of the GNMs sensor devices. The sensor 

device was first purged with dry air for 200 min until the resistance of the sensors 

stabilized, followed by increasing NO2 or NH3 concentration in dry air every 15 min with 

an interval of 20 min recovery in air between two NO2 or NH3 exposures. 

 

4.3 Results and Discussion 

Large-area graphene films were synthesized by chemical vapor deposition 

techniques using EtOH and CH4 as carbon precursors, and transferred onto SiO2 

(300nm)/Si substrate (see detailed experimental section).[19,20] For GNM synthesis, 

PMMA coated graphene/SiO2/Si substrates was used as the platform for nanosphere 
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lithography. PS nanospheres from a stock solution were spread on deionized (D.I.) water 

surface to form a large-area compact monolayer film of PS nanosphere on water surface. 

The total area of the assembled compact monolayer PS spheres can readily be increased 

depending on the area of water surface and the amount of PS stock solution. Thus, this 

method can be easily scaled to the current wafer scale CVD grown graphene to 

synthesize wafer scale GNM. The PS nanospheres monolayer film was transferred onto 

PMMA coated graphene/SiO2/Si substrate by contacting the substrate with the PS 

nanospheres monolayer film floating on water followed by drying the substrate in room 

temperature as shown in Figure 4.1a. Reactive-ion-etching (RIE; O2) was then employed 

to define the desired gaps (comprised of resulting neck width of GNMs) between the PS 

nanospheres by the reduction of each PS nanosphere size, as shown in Figure 4.1b. 

Subsequently, Pt was deposited over the substrate using an e-beam evaporator to fill up 

the gaps. Complete removal of PS nanospheres was then carried out in 1-chloropentane to 

form a continuous Pt nanomesh mask over PMMA/graphene/SiO2/Si substrate as shown 

in Figure 4.1c. 1-chloropentane selectively dissolves PS nanospheres without reacting to 

the PMMA. Therefore, this lift-off approach results in the formation of continuous Pt 

nanomesh mask, as opposed to the removal of PS nanospheres by ultrasonication that 

often damages the Pt nanomesh. In the second RIE step, the substrate was exposed to O2 

plasma again to etch the PMMA/graphene in the unprotected areas. Second lift-off was 

performed in acetone to remove Pt nanomesh mask and PMMA to form GNM over 

SiO2/Si substrate as shown in Figure 1d. The average neck width of the GNM was  ~20 
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nm. The neck width of the resulting GNM can be controlled depending on the RIE 

etching time of PS nanospheres. 

 

Figure 4.1 SEM images of self-assembled monolayer of PS spheres onto 

PMMA/gEtOH/SiO2/Si substrate a) before and b) after 10 sec RIE etching. c) Formation of 

Pt nanomesh mask onto PMMA/gEtOH/SiO2/Si substrate by removal of PS spheres in 1-

chloropentane. d) gEtOH nanomesh onto SiO2/Si substrate after etching of PMMA/gEtOH 

films in the unprotected areas, followed by removal of Pt nanomesh mask and PMMA using 

lift-off in acetone. 

 

   To evaluate the application of GNM for chemiresistor sensors, gEtOH and gCH4 

nanomesh were applied as conduction channel between a pair of photolithographically 

defined Ti/Au electrodes, acting as source and drain, separated by a 3 mm gap. For 

comparison, sensor devices made of gEtOH and gCH4 film conduction channels were 



 

78 

also evaluated. To start, the devices were tested for their response (normalized resistance 

change) to 1 ppm NO2. As illustrated in Fig. 4.2a, gEtOH nanomesh sensor exhibited the 

best response (~6%) followed by gCH4 nanomesh sensor (~4.5%) whereas there was no 

response from their film counterparts. The decrease in resistance of the device is 

attributed to increase in hole-density of p-type semiconductor graphene upon adsorption 

the electron acceptor NO2. The very good response from GNM devices compared to the 

film counterparts is attributed to the formation of large number of edges in the nanomesh 

structure that leads to hole doping by edge-oxidation during the O2 plasma process and/or 

physisorbed oxygen from the ambient and other species during the sample preparation 

steps similar to that of GNRs devices.[22,23] On the other hand, the narrow neck regions of 

GNM controls the charge transport across the source-drain electrodes by lateral quantum 

confinement, leading to higher sensitivity while being exposed to electron donating or 

withdrawing gas/bio molecules.[21]  

Figure 4.2b and 4.2c show the dynamic responses and calibration plots, 

respectively, of chemiresistor sensors made with gEtOH and gCH4 GNM and films as 

conduction channel operating at room temperature for increasing NO2 concentrations. 

Similar to response for 1 ppm NO2, the responses over the tested range of 1 to 10 ppm 

NO2 was in the order, gEtOH nanomesh > gCH4 nanomesh > gEtOH film > gCH4 film.  

Further, the response time, defined as the time required reaching a 90% of the maximum 

resistance change of the sensor, for GNM sensors at 1 ppm NO2 in dry air was 

approximately 7 min and decreased to 5 min at 10 ppm. The relationship between the 

sensor response and concentration (Fig. 4.2c) exhibited the Langmuir-like absorption 
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isotherm, where the relationship between the response and concentration is governed by 

the eqn. 

 

Figure 4.2. a) Comparison of dynamic responses of sensor devices fabricated from gCH4 

and gEtOH nanomesh and their continuous film counterparts to 1 ppm NO2 in dray air. b) 

Comparison of dynamic responses of sensor devices fabricated from gCH4 and gEtOH 

nanomesh and their continuous film counterparts exposed to various concentrations of NO2 

in dry air ranging from 1 ppm to 10 ppm, as labeled. c) Calibration curves of gCH4 and 

gEtOH nanomesh sensor devices in various concentrations NO2 in dry air.  



 

80 

€ 

ΔR
RO

=
ΔR
RO

 

 
 

 

 
 
max

•
c

k + c
 

where 

€ 

ΔR / RO( )
max

 is the maximum change in normalized resistance occurring in the 

saturation regime, and 

€ 

k  is the affinity constant. The sensitivity (slope of the linear part 

of calibration curve) and estimated limit of detection (defined as LOD=3SD/m, where m 

is the slope of linear part of the calibration curve and SD is the standard deviation of noise 

in the response curve in dry air) of the gEtOH nanomesh NO2 sensor were determined to 

be 4.32%/ppm and 15 ppb (parts-per-billion), respectively. This result is comparable to 

the 3.5%/ppm sensitivity and 1 ppm LOD reported for a three-dimensional CNTs 

(20µm)/reduced graphene hybrid NO2 sensor.[24] 

   Graphene has similar graphitic structure as CNTs, and thus exhibit similar 

working principle of electrical conductivity modulation by the charge transfer mechanism 

in detecting gas molecules adsorbed at its surface. However, it has been recognized that 

pristine CNTs exhibit weak binding energies to the foreign molecules and thereby show 

poor reactivity at their defect-free surfaces due to small charge transfers from the 

adsorbed molecules. In fact, in our previous work we demonstrated that compared to 

CVD-synthesized gCH4 film, CVD-synthesized gEtOH film exhibits polycrystallinity 

containing highly disordered sp3 hybridization, large number of edge defects and 

oxygenated functional groups, affecting it’s electronic and transport properties.[20] Figure 

3 shows a schematic diagram (not to scale) comparing the structural differences between 

gCH4 and gEtOH nanomesh sensor devices. The gCH4 nanomesh contains defects mostly 

formed due to the formation the edges of nanoholes during nanosphere lithography (Fig. 
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4.3a), whereas gEtOH nanomesh had additional unsaturated grain boundary (intrinsic 

topological defect as labeled by colored pentagons and heptagons) due to its 

polycrystalline nature (Fig. 4.3b), which could modulate the charge transport 

properties.[25,26] Moreover, the higher defects density of the oxygenated gEtOH films 

could modify the local electronics-charge distribution, enhancing the reactivity at those 

specific sites.[27,28] These highly reactive defects of gEtOH film or nanomesh give rise to 

higher sensitivity by the adsorption of maximum number of NO2 molecules. This is also 

evident in the NO2 response curves of GNM devices. As shown in Figures 4.2a and 4.2b, 

both gEtOH and gCH4 nanomesh devices had almost similar response time but different 

response intensities. The gCH4film/nanomesh had lesser defect sites than gEtOH 

film/nanomesh to have less number of NO2 molecules adsorbed on the surface as shown 

in Figure 3, limiting the low conductivity modulation. 
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Figure 4.3 A structural representation (not in scale) comparing the defect densities between 

a) gCH4 and b) gEtOH nanomesh sensor devices, and adsorptions of NO2 molecules on the 

defect sites. A typical intrinsic defect (grain boundary) of polycrystalline gEtOH nanomesh 

labeled as colored unsaturated carbon (pentagons and heptagons) structure in b).  
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Figure 4.4 a) Dynamic response and b) calibration curve of gEtOH nanomesh sensor device 

exposed to various concentrations of NH3 in dry air ranging from 5 ppm to 100 ppm, as 

labeled. 

 

Furthermore, similar to the case of carbon nanotubes,[29,30] the resistance of the 

GNM sensor devices increased when exposed to NH3 (an electron donor), (Fig. 4.4a). 

This result suggests that the response of p-type gEtOH nanomesh sensor device in NH3 
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exposures is due to the depletion of holes during the electron transfer from NH3 

molecules to the nanomesh surface.[31,32] There is a monotonic increase in responses with 

the increasing NH3 concentrations ranging from 5 ppm to 100 ppm in dry air. The 

sensitivity and estimated LOD of gEtOH sensor devices calculated from the calibration 

curve in Figure 4.4b were about 0.71%/ppm and 160 ppb, respectively.  

  

4.4 Conclusion 

   Large area graphene nanomeshes with certain periodicity were synthesized using the 

combination of chemical vapor deposition and nanosphere lithography techniques. 

Fabricated graphene nanomesh sensor devices containing narrow neck width of about 

~20 nm represented remarkably higher sensitivity to both NO2 and NH3 exposures than 

their film counterparts.  Due to the higher defect density, ethanol-derived graphene 

nanomesh sensor showed enhanced responses and sensitivity than the methane-derived 

graphene nanomesh devices by the adsorption of maximum number of gas molecules. 

The sensitivity and estimated limit of detection of ethanol-based graphene nanomesh 

devices were about 4.32%/ppm and 15 ppb in NO2, and 0.71%/ppm and 160 ppb in NH3, 

respectively. These results revealed that the fabricated GNM sensors could be 

successfully used for detection of other electron-donating or electron-withdrawing 

species. Further, the decrease in neck width of synthesized nanomesh and/or surface 

modification of those nanomesh sensor devices with polymers or catalyst nanoparticles 

would increase the sensitivity further with possible selectivity. 
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CHAPTER 5 

Platinum Nanoflowers Decorated Three-Dimensional 

Graphene/Carbon Nanotubes Electrode for Methanol 

Oxidation 

A three-dimensional (3D) carbon electrode in the form of vertically oriented 

oriented multiwalled carbon nanotubes (MWNTs) on a graphene floor was 

transferred onto glassy carbon electrode (GCE) as supporting materials for 

for platinum (Pt) electrocatalyst.  Pt nanoparticles were electrochemically deposited 

deposited over these carbon based support materials and the resulting Pt/G-

Pt/G-MWNTs/GCE was characterized by scanning electron microscopy (SEM), 

(SEM), energy dispersive spectroscopy (EDS), cyclic voltammetry (CV) and 

and electrochemical impedance spectroscopy. The electrocatalytic properties of the 

properties of the modified electrode for electro-oxidation of methanol have been 

have been investigated by CV. Experimental results demonstrates an enhanced 

enhanced efficiency of the G-MWNTs hybrid film, as catalyst support, for methanol 

methanol oxidation in comparison to Pt nanoparticles graphene and glassy carbon 

carbon with regard to electroactive surface area, forward anodic peak current 

current density, onset oxidation potential, diffusion efficiency and the ratio of 

ratio of forward to backward anodic peak current density (If/Ib).  This enhanced 
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enhanced catalytic performance towards methanol oxidation is due to the high 

high surface area of three-dimensional G-MWNT hybrid film, allowing higher 

higher dispersion of Pt together with excellent electrical properties of MWNTs. 

MWNTs. 

5.1 Introduction 

Direct methanol fuel cell (DMFC) is an attractive power source for portable 

electronic devices and automobiles1. However, the conversion of chemical energy into 

electricity in direct methanol fuel cells (DMFCs) requires significant development of 

better catalysts to improve the cell performance. With the development of 

nanotechnology, nanostructured materials offers new avenues for searching and 

designing effective electrocatalysts, which have attracted attention of many researchers 

and advances the progress in this field. Among the nanocatalysts, platinum (Pt) based 

catalyst has been considered as the best electrocatalyst in the low temperature fuel cells.2 

The methanol oxidation at electrode surface in acidic electrolyte is an electrocatalytic 

process, in which CO2 and six electrons are produced. However, there are some critical 

factors that limit the particular application of methanol fuel cell, including sluggish 

kinetics of methanol oxidation at anode and the high cost of noble Pt-based catalysts. 

Therefore, the development of support material with high surface area is of considerable 

interest to effectively disperse catalyst particles and to reduce the catalyst loading with 

enhancing the catalytic activity for the eletrooxidation of methanol. RuPt nanoalloys 
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coated carbon black in the form of well-dispersed Pt50Ru50 particles are frequently used in 

commercial anode catalysts in DMFCs.3  

High-surface-area carbon nanostructures such as carbon nanotube (CNT) and 

carbon nanofibres have been used extensively for the oxidation of methanol because of 

their micro- and macro-structural characteristic.4-6 The CNTs have excellent intrinsic 

properties such as their unique morphology including inherent size and hollow geometry, 

high electrical conductivity and good chemical stability that that make them promising 

supports materials for heterogeneous catalysts.7 The recent emergence of graphene, one-

atom thick planar sheet of hexagonally arrayed sp2 carbon atoms, in many technological 

fields, such as nanoelectronics, nanocomposites, batteries and supercapacitors8  has 

opened a new opportunity for utilizing this 2D carbon material as a heterogeneous 

catalyst support in direct methanol fuel cells 9-11. However, graphene films are mostly 

produced by exfoliating graphite and are limited to small sizes (<1000 µm2). Since large 

size graphene films are required for making large transparent - electrode, it has been 

grown on a number of metals 12.  Recently, a single layer graphene was grown on copper 

at a temperature of 1000 °C by chemical vapor deposition (CVD) of carbon using a 

mixture of methane and hydrogen 13. On the one hand, significant efforts have also been 

made to synthesize high-surface-area graphene-based composites as electrode materials 

to achieve high catalytic activity. On the other hand, synthesis of noble electrocatalyst 

nanoparticles with uniform size and good dispersion over the carbon supports, as an 

electrocatalytic material also remained to be a demanding work. Keeping this in view, a 
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one-step CVD-grown large-area 3D G-MWNTs hybrid nanosructure, composed of 

multiwall carbon nanotubes (MWNTs) and graphene film, was transferred onto a glassy 

carbon electrode (GCE) to fabricate a heterogeneous catalyst support (G-MWNTs/GCE). 

Pt-nanoparticles were electrochemically deposited onto G-MWNTs/GCE, graphene/GCE 

and GCE for comparative investigation of their catalytic properties for electrochemical 

oxidation of methanol.  

 

5.2 Experimental Procedure 

Graphene was grown by acetylene (C2H2)-chemical vapor deposition (CVD) 

process on a copper foil (~2.54cm2) using a CVD technique as reported previously. In 

brief, a piece of copper foil was decorated with 1 nm thick iron nanoparticles using an e-

beam evaporator (Temescal, BJD-1800). The iron nanoparticles and Cu foil were acted as 

catalysts for MWNTs growth and graphene, respectively. The growth substrates were 

placed inside a fused silica tube (5 cm inside diameter by 100 cm long) and the 

temperature raised to 700-770°C, under flowing Ar/H2, 100 sccm (standard cubic 

centimeter per min)/50 sccm, atmosphere.  A 50 sccm flow of C2H2 was supplied for 10 

min in the tube once the temperature stabilized at growth temperature. After the growth 

process, the MFC for C2H2 was turned off, followed by cooling the furnace to room 

temperature in flowing Ar/H2 atmosphere. Graphene film formed on the backside of the 

Cu foil was removed by O2 plasma, followed by etching of the Cu foil in a 1 M aqueous 

FeCl3 solution to collect single layer graphene and/or G-MWNTs film grown on the other 
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side. Subsequent cleaning of the films was performed with an aqueous HCl (5%) and 

deionized (D.I.) water for several times.   

GC electrodes (3 mm diameter) were polished first with emery paper and then 

with aqueous slurries of fine alumina powder (1 and 0.05 µm) on a polished cloth, and 

finally rinsed with D.I. water in an ultrasonic bath for 5 min. Single layer graphene and 

G-MWNTs hybrid films were transferred over GCE, followed by drying at 50°C 

temperature for 1 hr in oven to obtain the graphene/GCE and G-MWNTs/GCE 

electrodes, respectively.  

Electrocatalyst precursor salts, i.e., H2PtCl6.6H2O and RuCl3, were purchased 

from Sigma. All other chemicals were of analytical grade and used as received without 

further purification. Double distilled water was used through all experiments. All the 

experiments were carried out at room temperature. Pt nanoparticles were 

electrochemically deposited onto the bare GCE, G-MWNTs hybrid film modified GCE 

and single layer graphene modified GCE by potential sweeping of 25 CV cycles each 

between +0.30 and -0.70 V, at a scan rate of 50 mV sec-1, in 0.1 M HCl solution 

containing 5mM H2PtCl6.6H2O, under identical experimental conditions. The Pt/G-

MWNTs/GCE, Pt/graphene/GCE and Pt/GCE so obtained were washed with D.I. water 

and dried at 50°C temperature for 30 min, in oven, under vacuum. RuPt/G-MWNTs/GCE 

was prepared from an equimolar solution mixture of 0.25 M each H2PtCl6.6H2O and 

RuCl2 in a cyclic voltammetry mode with 25 potential cycles between the same potential 

window, under identical conditions, as mentioned above for Pt deposition.   
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Detailed materials characterization of the synthesized films was performed using 

transmission electron microscopy (TEM; Philips, CM300, Japan), scanning electron 

microscopy (SEM; Leo, 1550) and Energy dispersion spectroscopy (EDS; Leo, 1550). 

Electrochemical characterization was performed with a CHI 750C (CH instruments Inc., 

USA). A three-electrode system was employed, while the Pt nanoparticles modified 

electrode (Pt/G-MWNTs/GCE, Pt/graphene/GCE or Pt/GCE) was the working electrode, 

Ag/AgCl with KCl solution acted as the reference electrode, and the platinum wire was 

the counter electrode. All cyclic voltammetric measurements were performed for at least 

three cycles, until a reliable and repeatable response was achieved and data presented 

were taken from the 3rd cycle. 

 

5.3 Results and Discussion 

Scanning electron microscopy (SEM) and transmission electron microscopy 

(TEM) studies were employed to investigate the morphologies of as prepared G-MWNTs 

hybrid film As shown in the SEM image (Fig. 5.1a), the one-step G-MWNTs synthesis 

method produced a highly dense MWNTs of an average tube diameter of 30 nm growing 

uniformly over the entire large-area graphene surface. A low magnification TEM image 

of PGN hybrid film transferred on a lacey carbon-supported Cu TEM grid (Fig. 5.1a) 

depicts growth of MWNTs from graphene surface. In the 1 nm Fe nanoparticles 

decorated Cu substrate, Fe and Cu were acting as metal catalysts for MWNT and 

graphene growth, respectively, during the one-step CVD growth process at 750°C in 

flowing Ar (100 sccm)/H2 (50 sccm)/C2H2 (50 sccm) atmosphere. In the unique catalyst 
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system of Fe decorated Cu substrate, the MWNTs growth was made possible by typical 

vapor-liquid-solid (VLS) mechanism, whereas the graphene growth occurred by surface 

catalysis mechanism. In the bottom view of G-MWNTs hybrid film (Fig. 5.1b), the 

individual MWNT’s root had highly crystalline contact with the graphene floor showing 

hollow circular pattern (as shown with dotted circles) comprising of typical carbon-

carbon covalent bond between the two carbon allotropes.17 This crystalline contact 

between MWNTs and graphene would remarkably reduce the contact resistance to 

achieve maximum charge transfer through the G-MWNTs hybrid system.  

 

Figure 5.1. SEM and TEM images of the G-MWNTs hybrid film. (a) G-MWNTs film 

composed of vertically grown MWNTs on graphene floor, covering the GCE electrode, (b) 

MWNTs growth from graphene surface and (c) bottom view of G-MWNTs hybrid film 

showing crystalline contact between individual MWNT’s root (dashed circles) and the 

graphene surface. 
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Figures 5.2a and 5.2b show SEM micrograph and EDS profile (insets) of G-

MWNTs after electrodeposition of Pt and PtRu nanoparticles, respectively. As evident 

from the images, the electrodeposition conditions employed in this work produced a 

uniformly distributed flower-like structure comprising clusters of needles/flakes with 

needle size of 60-90 nm in case of Pt alone, and a combination of both spherical and 

needle like bimetallic 

 

Figure 5.2 SEM images of a) Pt/G-MWNTs/GCE (inset shows EDS pattern), b) RuPt/G-

MWNTs/GCE (inset shows EDS pattern), c) Pt/graphene/GCE and d) Pt/GCE. 
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particles in the case of PtRu, were formed over the hybrid film producing a high surface-

to-volume catalyst over the G-MWNTs hybrid. In comparison, identical electrodeposition 

conditions on monolith graphene resulted in Pt nanoparticles ranging from 20-200 nm 

diameter having a few aggregated clusters of particles spread out on the graphene film 

(Fig. 5.2c) and well-dispersed 50-90 nm diameter particles (Fig. 5.2d) on GC surface.   

Figures 5.3 shows the cyclic voltammetry (CV) with electrochemical impedance spectra 

(insets of Figure 5.3) of G-MWNTs/GCE, graphene/GCE and GCE electrodes before 

(Fig. 5.3a) and after electrodeposition of Pt nanoparticles (Fig. 5.3b) in degassed 0.01M 

K3 [Fe (CN) 6] / 0.1M KCl solution in deionized water at a scan rate of 50 mV s-1.  Well-

defined oxidation and reduction peaks were observed with significant difference in peak-

to-peak potentials separation on these electrodes. The highest peak current with smallest 

peak separation was noticed on the G-MWNTs/GCE electrode (Table 5.1), indicating the 

highest electroactive surface area. The electroactive surface area of the G-MWNTs/GCE, 

calculated using the Randles–Sevcik equation18 [Ip = 2.69 x 105 AD1/2 n3/2 ν1/2 c, where n 

(=1) is the number of electrons participating in the redox reaction, A is the electroactive 

surface area (cm2), D (=6.70 x 10-6 cm2 s-1) is the diffusion coefficient of Fe3(CN)6
3- in 

solution, c (=0.01 M) corresponds to the concentration of the redox probe (K3 [Fe (CN) 

6]), and ν is the scan rate of the potential perturbation (V s-1)], was determined to be 0.088 

cm2. This was 2.2 and 1.2 times larger compared to the surface areas for graphene/GCE 

and GCE electrodes, respectively (Table 5.1). The geometric surface area (GA) of these 

electrodes was 0.07 cm2. The electroactive surface area of G-MWNTs/GCE, 
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graphene/GCE and GCE after electrodeposition of Pt nanoparticles increased to 1.21, 

0.071 and 0.85 cm2, respectively (Table 5.1).  

 

 

 

 

Table 5.1.  Comparison of electron transfer properties of various electrode systems 

 

 

The insets in Figure 5.3 show the impedance spectra of GCE, graphene/GCE and 

G-MWNTs/GCE without (Fig. 5.3a) and with Pt nanoparticles (Fig. 5.3b). In accordance 

with the inverse relationship with the electroactive surface area, the charge transfer 

resistance followed the order of G-MWNTs/GCE < GCE < graphene/GCE and Pt/G-

MWNTs/GCE < Pt/GCE < Pt/graphene/GCE (Table 5.1).  Correspondingly, the 

heterogeneous electron transfer rate constant, K0
app (=RT/n2F2CRct) which is directly 

proportional to electroactive surface area, followed the order of G-MWNTs/GCE > GCE 

> graphene/GCE and Pt/G-MWNTs/GCE > Pt/GCE > Pt/graphene/GCE (Table 5.1). 
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These results are in conformity with the pattern observed in CV measurements, 

confirming the highest electroactive surface area for G-MWNTs/GCE, both before and 

after the Pt nanoparticles deposition. The lowest electroactive area and sluggish electron 

transfer rate for the graphene/GCE is attributed to a perfectly crystalline nature 

(negligible defects) of the single layer graphene film, as reported recently by 

electrochemical measurement on pristine epitaxial graphene grown on silicon carbide 

(SiC) surface.19  

 

Figure 5.3 Cyclic voltammograms of a) G-MWNTs/GCE, Graphene/GCE and GCE (inset 

showing EDS spectra); b) Pt/G-MWNTs/GCE, Pt/Graphene/ GCE and Pt/GCE (inset 

showing EIS spectra) in 0.01 M  K
3
[Fe

3
 (CN)

6
] + 0.1M KCl in degased water, at scan rate of 

50 mV sec-1. 

 

The electrochemical capacitance performance of the electrodes was performed 

using galvanostatic charge/discharge test. As evident from Figures 5.4a and 5.4b, the 

specific capacitance calculated from the charge-discharge cycling measurements 
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followed the order G-MWNTs/GCE > GCE > graphene/GCE and Pt/G-MWNTs/GE > 

Pt/GCE > Pt/graphene/GCE, indicating the G-MWNTs/GCE and Pt/G-MWNTs/GCE 

have highest capacitance in their respective group. The specific capacitance values 

tabulated in Table 5.1 were calculated by the formula, C=I Δt /Δv, where I is the 

discharge current, Δt is the discharge time, Δv is the potential drop in the discharge 

progress, and C is the specific capacitance of the material. The significantly higher 

specific capacitance of G-MWNTs hybrid than that of graphene and GCE is attributed to 

direct interactions between graphene and MWNTs in the hybrid film and high 

electroactive surface area. The significant increase in electroactive surface area of G-

MWNTs/GCE and Pt-NP/G-MWNTs/GCE suggests that these may be promising 

electrodes for super-capacitor and direct methanol fuel cell. 

Figures 5.5a-5.5c show typical cyclic voltammograms for the electro-oxidation of 

0.5 – 3.0 M methanol in 0.1 M H2SO4 at Pt/G-MWNTs/GCE, Pt/graphene/GCE and 

Pt/GCE. As shown in the figures, all CV profiles consisted of two strong anodic peaks, a 

forward peak and a backward peak, which are well known to originate from the 

electrooxidation of methanol and the intermediate, respectively. The forward and 

backward anodic peaks in the scan correspond to oxidation of methanol forming Pt-

adsorbed CO, which is known to poison the electrocatalyst, and CO2 (eqns. 1 & 2) and 

the oxidation of adsorbed carbonaceous species to CO2 (eqn. 3), respectively.20 

Pt + CH3OH → Pt-COads + 4H+ + 4e-           (1) 

CH3OH + H2O → CO2 + 6H+ + 6e-              (2) 
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Pt-CO ads + H2O → Pt + CO2 + 2H+ + 2e-     (3) 

Additionally, the Figure 5.5 illustrates that the methanol oxidation current density 

increased with increasing methanol concentrations up to 3 M at the Pt/G-MWNTs/GCE 

but leveled at 2 M at the Pt/GCE and Pt/graphene/GCE electrodes. This phenomenon is 

ascribed to the saturation of active sites at the electrode surface. Further, the methanol 

oxidation current density was highest at Pt/G-MWNTs/GCE at all methanol 

concentrations. Pt loading has direct effect on the oxidation of methanol. Hence, to 

compare the performance of different electrodes same number of CV cycles, in this 

study, 25 cycles was used for Pt nanoparticles deposition. This number of CV cycles 

value was chosen based on our observation and that reported in the literature21, that there 

was not any significant increase in the methanol oxidation current beyond 25 cycles of Pt 

deposition at GCE. This phenomenon is ascribed to the saturation of active sites at the 

electrode surface.  

Although a good catalytic activity was observed at Pt/G-MWNTs/GCE, poisoning 

of Pt by the carbonaceous intermediate, CO in particular, on the electrode surface cannot 

be  
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Figure 5.4 Galvanostatic charge-discharge curve of (a) G-MWNTs/GCE, Graphene/GCE 

and GCE; (b) Pt/G-MWNTs/GCE, Pt/Graphene/GCE and Pt/GCE, at a constant current 

density of 1mA/cm2
 
in electrolyte 0.1M H2SO4.           

 

overlooked. RuPt is commonly accepted as best electrocatalyst for methanol oxidation. 

Bimetallic Ru and Pt was electrochemically deposited on G-MWNTs/GCE, under 

identical conditions as described for Pt deposited electrodes, and evaluated for methanol 

oxidation. As shown in Fig. 5.6b, the backward anodic current peak was significantly 

reduced at RuPt/G-MWNTs/GCE in 1.0 M CH3OH/0.1M H2SO4, indicating the removal 

of COads by Ru via the following (eqn. 4) bi-functional mechanism.22 
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Figure 5.5 Cyclic voltammograms of a) Pt/G-MWNTs/GCE, b) Pt/Graphene/GCE, c) 

Pt/GCE in 0.0-3.0M CH3OH/0.1 M H2SO4 at scan rate of 50 mV sec-1 and d) plot of forward 

anodic peak current density vs. CH3OH concentration for Pt/G-MWNs/GCE, 

Pt/Graphene/GCE and Pt/GCE. 

 

Additionally, the Figure 5.5 illustrates that the methanol oxidation current density 

increased with increasing methanol concentrations up to 3 M at the Pt/G-MWNTs/GCE 

but leveled at 2 M at the Pt/GCE and Pt/graphene/GCE electrodes. This phenomenon is 

ascribed to the saturation of active sites at the electrode surface. Further, the methanol 

oxidation current density was highest at Pt/G-MWNTs/GCE at all methanol 

concentrations. Pt loading has direct effect on the oxidation of methanol. Hence, to 
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compare the performance of different electrodes same number of cycles, 25 in this study, 

was used for Pt nanoparticles deposition. This number of cycles value was chosen based 

on our observation and that reported in the literature21, that there was not any significant 

increase in the methanol oxidation current beyond 25 cycles of Pt deposition at GCE. 

This phenomenon is ascribed to the saturation of active sites at the electrode surface.  

Although a good catalytic activity was observed at Pt/G-MWNTs/GCE, poisoning of Pt 

by the carbonaceous intermediate, CO in particular, on the electrode surface cannot be 

overlooked. RuPt is commonly accepted as best electrocatalyst for methanol oxidation. 

Bimetallic Ru and Pt was electrochemically deposited on G-MWNTs/GCE, under 

identical conditions as described for Pt deposited electrodes, and evaluated for methanol 

oxidation. As shown in Fig. 5.6b, the backward anodic current peak was significantly 

reduced at RuPt/G-MWNTs/GCE in 1.0 M CH3OH/0.1M H2SO4, indicating the removal 

of COads by Ru via the following (eqn. 4) bi-functional mechanism.22 

Pt (CO)ads + Ru (OH)ads → Ru + Pt + CO2 + 2H + 2e-  (4) 

The ratio of the forward peak current density (If) to backward anodic peak current 

density (Ib), used to describe the catalyst tolerance to carbonaceous species accumulation, 

were observed to be 9.38, 1.11, 1.10 and 1.02 for RuPt/G-MWNTs/GCE, Pt/G-

MWNTs/GCE, Pt/GCE and Pt/Graphene/GCE, respectively. The approximately 9-fold 

higher If/Ib for Ru-Pt/G-MWNTs/GCE over Pt/G-MWNTs/GCE confirms the ability of 

the bimetallic catalyst to withstand poisoning from carbonaceous materials by oxidizing 

them to CO2. Although the If/Ib at Pt/G-MWNTs/GCE (1.11) is significantly lower than 
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RuPt/G-MWNTs/GCE, it is higher than those of recently reported for Pt/graphene oxide 

(0.83) and Pt/MWNT (0.72).23  

The onset potential of methanol oxidation is also an indicator for determining and 

comparing the electrocatalyst activity for methanol oxidation.24 The onset oxidation 

potential (Fig. 5.6 insets) was found to be in the order of RuPt/G-MWNTs/GCE (0.27V) 

< Pt/G-MWNTs/GCE (0.31V) < Pt/GCE (0.41V) < Pt/Graphene/GCE (0.46V), revealing 

that G-MWNTs supported catalyst, both Pt and RuPt, had enhanced electrocatalysis 

capability in the methanol oxidation when compared to graphene and glassy carbon 

catalyst supports.  

Kinetics of methanol oxidation reaction at Pt deposited electrodes was 

investigated by studying the relationship between the forward anodic peak current density 

of methanol oxidation and CV scan rate (ν). Figure 5.7a-c shows CV curves for methanol 

oxidation at Pt/G-MWNTs/GCE, Pt/Graphene/GCE and Pt/GCE, at a scan rate of 25V 

to125 mV sec-1. A linear relationship between forward peak current density and ν1/2 for 

Pt/G-MWNTs/GCE, Pt/Graphene/GCE and Pt/GCE, shown in Figure 5.7d, suggests that 

the oxidation behavior of methanol at all electrodes is controlled by diffusion process.25 

The larger slope for Pt/G-MWNTs/GCE (2.01) compared to Pt/graphene/GCE (0.40) and 

Pt/GCE (0.87) is indicative of a fast diffusion process of methanol on the surface of G-

MWNTs hybrid film than those of graphene and GC catalyst supports. This result is also  
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Figure 5.6 Electrocatalytic performance of a) Pt/G-MWNTs/GCE, Pt/ Graphene/GCE and 

Pt/GCE and b) RuPt/G-MWNTs/GCE in 1 M CH3OH/0.1 M H2SO4 at a scan rate of 50 mV 

sec-1.  

 
 
attributed to large surface area of Pt nanoparticles catalyst per unit geometrical area of G-

MWNTs hybrid electrode and is consistent with SEM and electroactive surface 

measurement studies, further suggests G-MWNTs hybrid film to be promising catalyst 

support for the direct DMFCs applications. 
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Figure 5.7 Cyclic voltammograms of a) Pt/G-MWNTs/GCE, b) Pt/Graphene/GCE, c) 

Pt/GCE in 1M CH3OH/0.1 M H2SO4, at a scan rate of 25-125 mV sec-1 and d) the 

relationship of anodic forward peak current density vs. scan rate for Pt/G-MWNTs/GCE, 

Pt/ Graphene/GCE and Pt/GCE. 
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5.4 Conclusion 

We have demonstrated an efficient fabrication of Pt nanoparticles deposited novel 

electrode system using Graphene-MWNTs hybrid nanostructure as catalyst support for 

the electro-oxidation of methanol. SEM analysis confirmed that flower-like Pt 

nanostructures of about 60-90 nm in size with cluster of needles were electrochemically 

deposited over the entire hybrid nanostructure. On the basis of CV results Pt/G-

MWNTs/GCE exhibited the highest electroactive surface area with enhanced 

elctrocatalytical activity and fast diffusion process towards electrocatalytic oxidation of 

methanol as compare to GC and graphene modified GC catalyst supports. Additionally, 

RuPt/G-MWNTs/GCE prepared in the present work reduces the backward anodic current 

peak significantly by oxidizing the carbonaceous intermediate to CO2. The high 

performance of G-MWNTs/GCE as catalyst support for electro-oxidation of methanol is 

due to the large surface area of unique 3D carbon nanostructure having efficient charge 

transfer at G-MWNTs/electrolyte interface allowing higher dispersion of Pt, and good 

electrical properties of MWNTs. These results suggest that G-MWNTs could be a 

potential candidate as a catalyst support material for the applications in the DMFCs.  
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CHAPTER 6 

 
Conclusions  
 
 
6.1 Summary  
 
 Using a chemical vapor deposition (CVD) technique, large area graphene films 

were synthesized utilizing surface catalysis mechanism on a copper surface depending on 

the carbon precursors such as methane (CH4), acetylene (C2H2) and Ethanol (C2H5OH). 

By using Raman spectroscopy, X-ray photoelectron spectroscopy, electron diffraction 

pattern analysis and high-resolution transmission electron microscopy techniques, we 

demonstrated the polycrystalline nature of ethanol-based graphene film showing p-type 

semiconducting behavior as well as incorporation of oxygen-related carboxylic functional 

group (~ 3 at.%) as opposed to CH4 and C2H2 based graphene film. The sizes of 

individual graphene crystallite in the ethanol-based graphene films synthesized at 900°C 

and 1000°C were about 2 nm and 5 nm, respectively, and they are oriented in [100] the 

crystal direction. The synthesized polycrystalline graphene film could potentially be 

exploited in the doping of heteroatoms as well as binding with other functional groups for 

desired applications. The reported method provides large-area polycrystalline graphene 

film, which could be a potential candidate to study further for applications in sensors, 

energy storage, biological systems and nanoelectronics. 

Large area graphene nanomeshes with certain periodicity were synthesized from 

CVD-grown graphene film using the combination of reactive ion etching and nanosphere 
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lithography techniques. Fabricated graphene nanomesh sensor devices containing narrow 

neck width of about ~20 nm represented remarkably higher sensitivity to both NO2 and 

NH3 exposures than their film counterparts.  Due to the higher defect density, ethanol-

derived graphene nanomesh sensor showed enhanced responses and sensitivity than the 

methane-derived graphene nanomesh devices by the adsorption of maximum number of 

gas molecules. The sensitivity and estimated limit of detection of ethanol-based graphene 

nanomesh devices were about 4.32%/ppm and 15 ppb in NO2, and 0.71%/ppm and 160 

ppb in NH3, respectively. These results revealed that the fabricated GNM sensors can be 

successfully used for detection of other electron-donating or electron-withdrawing 

species. Further, the decrease in neck width of synthesized nanomesh and/or surface 

modification of those nanomesh sensor devices with polymers or catalyst nanoparticles 

would increase the sensitivity further with possible selectivity. 

 On the other hand, a unique 3D carbon architecture that combines graphene and 

CNTs, was used in methanol oxidation to realize it’s potential as a 3D electrode system in 

direct methanol fuel cells (DMFCs).  The graphene/CNTs composite was transferred onto 

glassy carbon electrode (GCE) as supporting materials for platinum (Pt) electrocatalyst. 

Pt nanoparticles were electrochemically deposited over these carbon based support 

materials and the resulting Pt/G-MWNTs/GCE was characterized by scanning electron 

microscopy (SEM), energy dispersive spectroscopy (EDS), cyclic voltammetry (CV) and 

electrochemical impedance spectroscopy. The electrocatalytic properties of the modified 

electrode for electro-oxidation of methanol have been investigated by CV. Experimental 

results demonstrate an enhanced efficiency of the G-MWNTs hybrid film, as catalyst 
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support, for methanol oxidation in comparison to Pt nanoparticles, graphene and glassy 

carbon with regard to electroactive surface area, forward anodic peak current density, 

onset oxidation potential, diffusion efficiency and the ratio of forward to backward 

anodic peak current density (If/Ib).  This enhanced catalytic performance towards 

methanol oxidation is due to the high surface area of three-dimensional G-MWNTs 

hybrid film, allowing higher dispersion of Pt together with excellent electrical properties 

of MWNTs. 

 
6.2 Suggestions for Future Works  
 

GNR SNAP (superlattice nanowire pattern): Patterning of CVD-graphene into 

aligned GNRs with specific width and pitch 

 One of the major challenges in the application of GNRs transistors includes 

patterning/aligning of sub-10 nm GNRs in a specific pitch over a large area to design 

ultrahigh density GNRs circuits. 

 It has been shown previously that SNAP technique can be used to produce aligned 

ultrahigh density Pt and/or Si nanowires. This technique involves growth of aligned metal 

nanowires (NWs) with specific diameter and pitch. These aligned NWs can be used a 

mask for a thin film semiconductor in fabricating ultrahigh-density semiconductor 

nanowires array by traditional top-down patterning methods. 

 The SNAP technique was being utilized to produce ultrahigh-density GNRs array 

using large area CVD-grown graphene. Figure 6.1 shows a schematic diagram of the 

process involved in synthesizing large area aligned GNRs array in specific width and 
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pitch.  Figure 6.1 a shows a Pt deposited GaAs/AlGaAs superlattice that used to produce 

a aligned Pt NWs mask. Figure 6.1 b shows aligned Pt NWs on 

polymer/graphene/SiO2/Si substrate after transferring from GaAs/AlGaAs superlattice. 

The average diameter of individual Pt NW was about 20 nm with a pitch of about 34 nm 

between two Pt NWs. The diameter and pitch of resulting Pt NWs reflect the as-grown 

GaAs/AlGaAs superlattice. Figure 6.1c shows schematic diagram of the process 

involving in top-down patterning of GNRs array. A modified RIE will be performed over 

the samples (Fig. 6.1b) in O2 plasma to etch polymer/graphene in the unprotected area 

from Pt NWs mask, as shown in Figure 6.1c. Finally a lift-off in acetone would provide 

GNRs array onto SiO2/Si substrate. Detailed electrical characterization will then be done 

on fabricated aligned GNRs transistor devices.  
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Figure 6.1 SNAP technique to synthesize ultrahigh-density GNRs array with narrow 

diameter and specific pitch. SEM images of (a) Pt deposited GaAs/AlGaAs superlattice and 

(b) ultrahigh-density Pt NWs (a part of about 250 Pt NWs) onto polymer/graphene/SiO2/Si 

substrate after transfer process. (c) Next steps involved fabricating ultrahigh-density GNRs 

transistor array. 
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Appendix 

Nonenzymatic Glucose Sensor Based on Platinum Nanoflowers on 

Multi-walled Carbon Nanotube/Graphene Hybrid 

 

In this work, we demonstrate the electrodeposition of  platinum nanoflowers on 

multi walled carbon nanotube (MWNT)/ graphene hybrid which is synthesized by 

one  step chemical vapor deposition process via in situ  vapor–liquid–solid and  

surface-catalyzed mechanisms. Structural characterization revealed that the roots 

of MWNTs were directly connected to the graphene floor. Electrodeposition of 

platinum with optimized parameters was performed at room temperature to obtain 

high density flower like nanostructures of platinum uniformly distributed over the 

hybrid membrane. This arrangement of Pt-nanoflowers/ MWNT/ graphene was 

used for amperometric detection of glucose in the physiological range at neutral pH. 

Direct oxidation of glucose takes place due to the electrocatalytic property of the Pt-

nanoflowers resulting in the non-enzymatic detection of glucose. The developed 

sensor responded linearly to glucose over the range of 1-7 mM (R2 = 0.978) with a 

sensitivity of 11.06 µA mM−1 cm−2. 
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Introduction 

Monitoring blood glucose levels is of prime importance in medical diagnostics 

and clinical applications. Over the past few decades, enzymatic glucose sensors have 

been developed and widely used for continuous blood glucose detection. However, the 

activity of enzymes is easily affected by temperature, pH value, humidity, and presence 

of toxic chemicals (Wilson and Turner, 1992). Further, the gradual degradation of 

enzyme over time, their high oxygen dependency and inability to offer anti-interference 

from other electroactive components present in blood glucose are certain  issues  that  

render  them unsuitable for real time and reliable usage (Huot et al., 2009; Wilkins et al., 

1995) for blood glucose monitoring. 

  Thus, the interest for enzyme-free glucose sensor that would directly oxidize 

glucose in solution has been keen. Among the nonenzymatic glucose sensors reported so 

far, platinum (Pt) has been the most popular material  due to its high catalytic activity 

toward glucose oxidation  (Aoun et al., 2003; Chung et al., 2003; Jin and Chen, 2007; 

Sheu et al., 2007; Xia et al., 2005).  

Direct electrochemical oxidation of glucose on bulk platinum has been reported 

(Vassilyev et al., 1985). Ever since, different kinds of platinum based electrode materials  

like macroporous platinum (Chung et al., 2003) and (Xia et al., 2005) and platinum-

nanotubule arrays (Yuan et al., 2005) electrodes with high electrode surface roughness  

have been developed to enhance the amperometric response of glucose oxidation and 

effectively lower the interference arising   from other co-existing  electroactive species. 
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However, surface poisoning by adsorbed intermediates (Ernst et al., 1979)  and  chloride 

ion, low sensitivity and poor selectivity are some drawbacks that still plague these 

electrodes. It has been reported that many metal nanoparticles and carbon nanotubes 

electrode show reproducible sensitivity in the presence of high concentration of chloride 

ion (Xu et al., 2004).  (Xia et al., 2007) reported a nonenzymatic glucose sensor by using 

highly dispersed Pt nanoparticles supported on carbon nanotubes as sensing interface that 

provided better screening towards interfering analytes when detection of glucose is 

performed at an appropriate potential.  Nano-structured Pt possesses a very large surface 

activation area, thereby favoring kinetically controlled reactions (i.e., the electrocatalytic 

oxidation of glucose) more than diffusion controlled reactions (i.e., the common 

electroactive species) thus offering higher sensitivity for glucose detection along with 

better selectivity towards interfering analytes. 

There are fewer reports which exploit the unique combined properties of both 

carbon nanomaterials and Pt nanoparticles for enzyme free glucose detection via direct 

glucose electrocatalysis. Some examples include amperometric glucose detection  using 

Pt nanoparticles  in different carbon matrices such as Pt-activated carbon, Pt-Carbon 

nanofibers, Pt-MWNTs (Dempsey et al., 2010), Pt-nanoflowers on SWNT membrane  

(Lei et al., 2010) , Pt nanoparticles supported onto mesoporous carbon (Su et al., 2010)  

and Pt nanoparticles supported on multi-walled carbon nanotubes (Xia et al., 2007). 

Nonenzymatic glucose detection using multi-walled carbon nanotube electrodes has been 

reported (Xu et al., 2004). In this report, Xu and co-workers suggested that 

electrocatalytic oxidation of glucose in alkaline medium takes place directly at well-
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aligned MWNT with possible minor contributions from the Co catalysts present on the 

Ta substrate. 

Herein we report the synthesis of Pt- nanoflower like structures as the catalyst 

supported on MWNT/graphene hybrid and demonstrate its application as an enzyme free 

glucose sensor over the physiological range at neutral pH. Electrodeposition of Pt 

nanoparticles provides for a simple, cost effective and controlled approach of 

synthesizing nanoparticles of desired shape, size, distribution, and crystallinity by 

varying deposition parameters and substrate properties. It results in high purity 

nanomaterials at room temperature thus overcoming the short comings of other 

techniques that require elevated temperatures, extensive template removal procedures and 

relatively high loadings of Pt precursor for nanoparticles synthesis.  Large area 

MWNT/graphene hybrid, on the other hand, synthesized by one step chemical vapour 

deposition technique (CVD) with its high surface to volume ratio and superior chemical, 

electrical, and mechanical properties constitutes an excellent catalyst supporting 

membrane. Thus the electrodeposition of uniformly spread, large surface area Pt-

nanoflowers on MWNT/graphene hybrid provides a synergistic platform for the detection 

of glucose which results in better sensitivity and the ability to efficiently discriminate 

against other electroactive interferents. 

 

Experimental 

Chemicals and Reagents 
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Uric acid, Ascorbic acid and D-Glucose were procured commercially from Fisher 

Scientific and were used as received. Hydrogen hexachloroplatinate (IV) hexahydrate 

(H2PtCl6·6H2O) was purchased from ACROS. All buffer solutions used as supporting 

electrolytes were prepared in deionized water obtained by purifying distilled water 

through a Milli-Q plus (Millipore Inc) ultrapure water system.  

 

Instrumentation 

The structure and surface composition of the MWNT/graphene hybrid and later 

Pt- nanoflowers/ MWNT/graphene were characterized by a scanning electron microscope 

SEM (Leo, 1550) with a field emission source. Cyclic voltammetric and amperometic 

measurements were performed on a CHI electrochemical workstation (CHI Instruments, 

Inc., Austin, TX) at room temperature. A three electrode cell (5 ml) was used which 

consisted of  the  modified GC electrode (2.5 mm in diameter)  as the working electrode, 

an Ag/AgCl electrode as the reference electrode and a large area Pt mesh as the counter 

electrode.  

Synthesis of MWNT/ graphene hybrid 

CVD synthesis of MWNT/graphene hybrid nanostructure was  performed  by a 

combination of  in situ vapor–liquid–solid and  surface-catalyzed mechanisms from a  

nearly similar procedure adapted from literature (Ozkan et al., 2010) . In brief, 1 nm Fe 

nanoparticles were deposited on the surface of copper film by electron beam evaporation 

(Temescal, BJD-1800). C2H2 (50 sccm) was used as a carbon source in an atmosphere of 
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flowing Ar  (100 sccm) and H2 (50 sccm) ; the flow rates being precisely controlled by 

using mass-flow controllers (MFC)  to synthesize  a large area, approx 1 inch sq. in 

dimension MWNT/graphene hybrid structure at 7500 C  for 10 minutes time. Growths of 

graphene and carbon nanotube take place simultaneously on copper foil and iron catalyst 

particles respectively.  The mechanism of growth involved the synthesis of graphene film 

on copper substrate (Colombo et al., 2009) by vapor–liquid–solid mechanism technique 

and simultaneous in-situ growth of MWNTs through surface catalyzed expansion of Fe 

particles during the diffusion of carbon atoms.  The Cu foil with the MWNT/graphene 

hybrid on top of it was then transferred into aqueous FeCl3 solution (1M) and kept 

overnight wherein the copper was etched away leaving behind the hybrid structure on the 

surface of the etchant. The hybrid was then transferred onto aqueous HCl (5%) and DI 

water solution for cleaning residues, if any. No noticeable bulk defects were observed 

during the etching and cleaning processes, which confirmed the flexibility of the 

synthesized hybrid structure that consisted of high density MWNTs on top of monolithic 

graphene film. 

For the purpose of electrochemical sensing, the MWNT/graphene hybrid   was 

then transferred onto a freshly polished and cleaned glassy carbon (GC) electrode, 

diameter 2.5 mm by simple contact lifting from the surface of DI water. To ensure better 

adhesion of the hybrid onto GC, the electrode was kept in the oven maintained at 500C 

for 1 hour. Prior to the transfer of the hybrid graphene onto the GC electrode, the 

electrode was polished successively with 1 μm, 0.3 μm and 0.05 μm α-alumina powder 
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and rinsed thoroughly with distilled water between each polishing step. The GC was 

ultrasonicated thereafter in acetone and distilled water for 5 mins each. 

 

Electrodeposition of Pt-nanoflowers 

The electrodeposition of Pt-nanoflowers was carried out on the surface of the 

MWNT/ graphene /GC electrode from 5mM chloroplatinic acid hexahydrate (H2PtCl6) 

solution in presence of 0.1M HCl at ambient temperature. A three-electrode system was 

set up consisting of MWNT/ graphene/ GC as the working electrode, a platinum mesh 

and an Ag/AgCl (saturated with KCl) as the counter and reference electrode respectively. 

Pl-nanoflowers were synthesized on the surface of MWNT/graphene hybrid via cyclic 

voltammetry performed in the metallic precursor based electrolyte for 25 cycles at a scan 

rate of 50 mV/s  between -0.7  and 0.3 V (vs. Ag/AgCl 3M KCl) at room temperature. 

 

Results and discussions 

Characterization  

Structural characterization in terms of SEM was performed on the synthesized 

MWNT/graphene hybrid as shown in Fig. 1. The as grown hybrid revealed the roots of 

MWNTs to be directly connected to the graphene floor. Highly dense MWNTs with 

uniform and regular morphologies were spread over the large area graphene. This makes 

for an excellent conductive substrate for electrodeposition with high flexibility and 

stability. SEM micrographs were also recorded to study the morphology and distribution 



 

124 

of the electrodeposited Pt nanoparticles on the surface of graphene/ MWNT hybrid. As 

can be seen in Fig. 2, high density flower like Pt nanostructures were found uniformly 

deposited throughout the cross section of the graphene/ MWNT hybrid. Apart from 

having a uniform distribution, these nanoflowers like structures have a very high surface 

area.  

 

Figure 1 SEM image of MWNT/graphene  hybrid. 

 

 

Figure  2 SEM image of Pt nanoflowers electrodeposited from 0.1 M HCl containing 5 mM 

H2PtCl6 for 25 cycles at a scan rate of 50 mV/s between -0.7 and 0.3 V (vs. Ag/AgCl 3M KCl) 

at room temperature. 
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Electro oxidation of glucose 

In order to determine the accurate potential range for the electrooxidation of 

glucose, CVs of the electrodeposited Pt-nanoflowers on MWNT/graphene surface (Pt-

nanoflower/ MWNT/ graphene) were performed before and after addition of glucose into 

phosphate buffer solution (pH 7.4). Injection of glucose enhances the glucose oxidation 

current.  As seen clearly in Fig. 3, pronounced oxidation current peaks were observed at a 

low positive potential window of 0.4 to 0.7 V. Hydrodynamic voltammetry performed at 

three  
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Figure 3 Response of Pt-nanoflower/ MWNT/ graphene to glucose electro-oxidation 

from 0.4 to 0.7 V vs. Ag/AgCl for (a) 0mM glucose, (b) 10 mM glucose at scan rate of 

50 mV/s in 0.1M PB; pH 7.4. 
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different potentials revealed that the sensor exhibits improved signal-to-noise ratio and 

enhanced sensitivity towards glucose at an applied potential of 0.4 V as compared to 0.3 

V and 0.5 V (data not shown).  Lowering the working potential would improve the 

selectivity of the sensor further; however, it would also affect the sensitivity towards 

detecting glucose. Hence, in order to  achieve  a glucose sensor which exhibits better 

sensitivity and considerable selectivity in terms of its response towards  interfering  

analytes  at the same time, a trade off  in  applied potential is necessary. Thus, 0.4 V vs. 

Ag/ AgCl was chosen to the working potential for glucose detection. 

 

Amperometric detection of glucose  

Amperometric measurements  of the Pt-nanoflowers/ MWNT/ graphene electrode   

to the sequential addition of  glucose were carried out in a standard three electrode 

electrochemical cell configuration  at  +0.4 V in PB solution (pH 7.4, 5ml) under constant 

gently stirring  conditions. The initial current response obtained in the buffer was 

considered as the saturated background current of the sensor. With every subsequent 

addition of glucose into the solution, rapid and steady state current signals were obtained 

as shown in Fig. 4.  This was due to the direct electro-oxidation of glucose, which 

involved the steps of adsorption, electron transfer and subsequent chemical 

rearrangements limited within the electro deposited Pt surface.  In brief, the mechanism 

(Chung et al., 2006) of glucose detection involves the glucose molecules to undergo 

electrosorption on the Pt-nanoflower electrode surface to form a layer of glucose 
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intermediates, which can be easily oxidized. These adsorbed intermediates are further 

oxidized at more positive potentials to form products such as gluconolactone or gluconic 

acid in neutral media. Fig. 5 shows the calibration plot for the successive increments of  
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Figure 4 Real-time amperometric response of the Pt nanoflower/ MWNT/ graphene 

working electrode towards successive addition of glucose at 0.4 V vs. Ag/AgCl in 

0.1M PB; pH 7.4. 

 

glucose concentrations from 1 mM upto 10 mM range obtained from 3 electrodes.  The 

calibration curve  yields a linear chronoamperometric  response range between  1 mM to 

7 mM of glucose concentrations with a sensitivity of  11.06 µA mM−1 cm−2  (R2 = 0.978) 

calculated as the slope of  the linear region of  the calibration curve  divided by geometric 
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surface area of the GC electrode. The limit of detection of this Pt-nanoflowers/ MWNT/ 

graphene hybrid electrode was found out to be 0.387 mM based on the three times of 

signal-to noise ratio. To confirm that the direct oxidation of glucose is caused only due to 

the electrocatalytic property of the Pt-nanoflowers, a control experiment was performed 

wherein the as transferred MWNT/graphene hybrid was used as the working electrode 

and amperometric responses were recorded for subsequent additions of glucose (Fig. 6). 

No change in current response was observed thus confirming the fact that response comes 

from the direct glucose oxidation at the active sites of the catalyst. 
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Figure 5 Calibration curve showing the response of electrodes (n=3) towards 

glucose. 
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Interference studies 

The interferences arising from electroactive compounds like Ascorbic acid (AA) 

and Uric acid (UA) that co-exist along with glucose in physiological samples of blood 

was investigated. The range of concentration of these reducing agents in normal blood 

ranges  
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Figure 6 Real-time amperometric response of the MWNT/graphene working 

electrode towards successive addition of glucose at 0.4 V vs. Ag/AgCl in 0.1M PB; 

pH 7.4. 
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Figure 7 Real-time amperometric response of the Pt nanoflowers/MWNT/ graphene 

working electrode towards 5 mM glucose, 0.08 mM AA and 0.3 mM UA  at 0.4 V vs. 

Ag/AgCl in 0.1M PB; pH 7.4.  

 

between 0.02 and 0.08 mM (AA) and 0.18 to 0.42 mM (UA). Selectivity studies were 

performed using amperometric I (t) curves at +0.4 V that recorded the response signals of 

physiological levels of AA and UA during the detection of glucose. Figure 7 shows the 
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amperometric current responses to 5 mM glucose, 0.08 mM AA and 0.3 mM UA in PB 

buffer, pH 7.4 at +0.4 V operational potential. The current responses for the interfering 

analytes obtained by normalizing to the response for glucose i.e. 61.55 µA /cm2 were 

found to be 16.5 % and 15.8 % for AA and UA respectively.  In case of higher 

concentrations of interferants, surface modification of the Pt-

nanoflowers/MWNT/graphene electrode can be done possibly by coating it with Nafion 

that has a considerable influence on the selectivity  towards glucose by providing good 

anti-interference towards co-existing interferants (Tang et al., 2009; Xia et al., 2007). 

Most of the electrochemical glucose sensors based on metals (Vassilyev et al., 1985) tend 

to lose  their electroactivity due to the poisoning of chloride ions. The effect of chloride 

ions on the electrocatalytic ability of Pt-nanoflowers towards glucose oxidation was 

examined by recording amperometric response in supporting electrolyte with 0.15 mM 

NaCl (data not shown). It remained unchanged, thus, implying that the electrode retains 

its electroactivity in presence of chloride ion.  

Results obtained from this work were compared with most recently reported Pt-

nanoflowers on SWNT membrane for glucose detection (Lei et al., 2010). The 

demonstrated sensor in our case exhibits a higher sensitivity because of the synergistic 

benefits of high surface-to-volume ratio of the catalyst supporting structure along with 

high density, large surface area Pt-nanoflowers thus providing more active sites for the 

direct electrocatalysis of glucose. The quick response  time (i.e. the time taken to reach  

90% of the  signal)  of this sensor notably 12 seconds  together with the ability to detect 

glucose with negligible interference from co-existant electroactive components makes it 



 

132 

an ideal device  for  the detection of blood glucose level in medical diagnostics and 

clinical applications. 

Conclusion 

A highly sensitive, low-potential and fast amperometric sensor based on Pt-

nanoflowers electrodeposited on MWNT/graphene hybrid for the detection of blood 

glucose over the physiological range was developed and demonstrated. This enzyme free 

sensor exhibited a good linear dependence on the physiological glucose concentration 

range from 1 to 7 mM with a sensitivity of 11.06 µA mM−1 cm−2. These results can be 

attributed to the enhanced surface-to-volume ratio of the catalyst supporting membrane 

which in turn facilitates uniform and good area coverage of the electrodeposited Pt-

nanoflowers that act as active sites for direct glucose oxidation with high utilization 

efficiency. The developed sensor offers good anti-interference to electroactive 

interferences such as ascorbates and urates that are commonplace in real blood samples. 

This novel platform of MWNT/ graphene hybrid with its high electrical conductivity, 

mechanical strength and large specific surface area can be used as a superior catalyst 

supporting matrix in a wide array of electrochemical applications such as biosensors and 

renewable, sustainable direct methanol fuel cells. 
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