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Summary 

Graphene and its derivatives have shown to possess exceptional electronic and 

physical properties.  One of the areas that show graphene’s promise is in the 

area of electrochemical sensing.  In the drive to move this material towards 

sensing applications, there are two major challenges that need to be addressed.  

1) Manipulating the nanometre thick graphene materials on a large scale. 2) 

Understanding the sensing behavior of reduced graphene oxide as an 

electroactive material under microelectrode array conditions. 

This thesis describes the manipulation of chemical vapor deposition (CVD) 

graphene and reduced graphene oxide.  The atomically thin material was 

manipulated into various shapes and sizes such as microdiscs and hexagonal 

rings on a large scale through the use of nanoimprint lithography.  The 

patterned graphene was encapsulated in a PMMA layer and could be 

transferred onto other substrates such as SiO2 and glass.  A graphene 

microelectrode array sensor (MEA) device was fabricated using a novel self-

aligning technique, that was developed using a water soluble imprint resist, 

coupled with a water insoluble polymer material.  The device was used to 

detect H2O2 that was secreted by MCF-7 breast cancer cells, seeded at a low 

density of 3000 cells cm-2.  

The mild process conditions of the self-aligning technique allowed MEA 

fabrication on flexible plastic substrates.  A reduced graphene oxide MEA 

(rGO MEA) biosensor was fabricated.  The rGO MEA was used to detect 

dopamine and tyrosine and found to have higher sensitivities than other 

reported graphene based sensors.  The device was also compared to a 
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commercial gold microelectrode and was found to be over 3 orders of 

magnitude more sensitive than the commercial gold microelectrode towards 

dopamine.  The device was also integrated into a microfluidic system and 

showed excellent steady state currents in dopamine detection even in a 

flowing environment. 

Optimization of MEA density was investigated to determine the minimum 

interelectrode spacing to maximize MEA performance.  This was done by 

characterizing rGO MEAs of various interelectrode spacings using cyclic 

voltammetry to determine at which spacing microelectrode behavior occurred.  

The optimum ratio of interelectrode spacing to microelectrode radius would 

serve as a guide rule for future rGO based MEA devices. 

Lastly, an rGO – Fmoc FF nanocomposite (rGO NC) electro active layer that 

would allow for uniform coating over large areas and increased device 

sensitivities was investigated.   This was done by determining the 

concentration and pH for peptide fibril formation without critical hydrogel 

cluster formation.  The Fmoc-FF peptide self-assembled into a network that 

allowed for a higher number of exposed rGO active sites which increased 

current gains of the sensor without needing to increase the sensor size.  The 

rGO NC was used to detect serotonin even in the presence of dopamine and 

ascorbic acid interferents showing the potential for this nanocomposite to be 

used as an active layer in future biosensor devices.
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NC with interfering dopamine (DA) and ascorbic acid (AA) compounds. 

Figure 6.16. (a) Optical image of transferred PMMA layer onto rGO NC 

substrate.  The 4 10 µm diameter microelectrode holes can be clearly seen.  (b) 

CV voltammogram of the device showing MEA characteristics.
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Chapter 1. Introduction 

 

1.1. Graphene 

Graphene, since its discovery in 2004, has garnered intense research into its 

electrical and physical properties.1  Graphene is found in a hexagonal lattice 

formation consisting of sp2 hybridized carbon atoms (Figure 1).  Out of the 

four valence electrons, three are used to form strong σ bonds with neighboring 

carbon atoms in the 2s, 2px and 2py orbitals.  The fourth electron lies in the 2pz 

orbital orientated perpendicular to the basal plane.  Due to the close 

interatomic distances of the carbon atoms, (0.142 nm) the 2pz orbitals overlap, 

allowing the fourth delocalized electron to obtain large Fermi velocities even 

at room temperature.2      

 

Figure 1.1. Schematic diagram of Graphene lattice 
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In the early stages of graphene research, characterizing graphene and its 

properties was the main research thrust.  It has been reported that graphene is 

the strongest material currently found with a measured Young’s modulus of 1 

TPa3 and intrinsic strength of 130 GPa,4 the fastest conductor of electricity 

possessing ballistic conduction at room temperatures,5 has a high heat 

conductivity,6 is inert to many chemical attacks,7 is flexible8 and is optically 

transparent where one sheet of graphene allows 97.7% transmission of visible 

light.9   These characteristics have spurred a large impetus to drive graphene 

research towards applications.  

 

1.2. Graphene Oxide 

Graphene also comes in other derivative forms - Graphene oxide (GO) and 

reduced graphene oxide (rGO).  GO is a graphene layer that has oxygen 

moieties such as epoxides, hydroxyl, carbonyl and phenol groups strewn 

across the surface (Figure 1.2).10  Although graphene loses much of its 

inherent attractive characteristics in this form due to the disruption of the π 

conjugation,11 the benefits of using graphene oxide is that it is water soluble.12  

The oxygen atoms attached to the surface of the individual graphene sheets 

repel adjacent graphene oxide sheets keeping them suspended in solution.   

Solution processing allows another avenue of fabricating graphene-based 

devices.  Graphene synthesis commonly used chemical vapor deposition 

(CVD) techniques that would require high vacuum and temperature conditions 

limiting graphene production.13 GO provides a quick method to create a large 
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amount of graphene based material that could be deposited over a large area 

via drop casting or spin coating.   

 

Figure 1.2. Schematic diagram of a GO layer.  Reproduced with permission 

from ref 14.14 

 

1.3. Reduced Graphene Oxide 

In order to recover the electrical properties of graphene from GO, several 

methods have been used to remove the oxygen moieties to restore the pi-pi 

bonds.15  One method is to expose the GO sheets to ultraviolet irradiation.16  

Thermal annealing in a furnace has also been reported to be an effective 

method to remove oxygen groups.17,18  Another method is through chemical 

reduction processes using reagents such as hydrazine and sodium 

borohydride19,20.  A last method is electrochemical reduction where a high 

negative potential is passed through the GO layer to remove the oxygen 

groups and restore the π conjugation.21,22 

It must be noted that although electrical conductivity can be restored, the 

current reduction methods are limited and can leave behind defects within the 

graphene layer or is unable to remove all oxygen groups.  Consequently, 

rGO’s conductivity will always be lower when compared to the conductivity 
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found in pristine graphene.23, 24  However, the conductivity of rGO is still large 

enough to be useful in applications especially in electrochemical sensing. 

 

1.4. Electrochemistry  

A sensor is a device that detects events or changes in environments and 

outputs these reactions as an electrical signal.  They are used across the whole 

spectrum of the research field and come in various shapes, sizes and uses.  

Sensors have been built to detect physical changes such as temperature and 

pressure, and to detect the presence of bioanalytes such as DNA and small gas 

molecules.  At the basic structure of a sensor, the working parts must be 

conductive and so graphene, which exhibits excellent electrical properties, has 

seen a natural progression as a research topic in this field. 

 

1.4.1. Electrochemical Sensor Operation 

The mechanism for electrochemical sensing occurs when an electron transfer 

event takes place between the target analyte and the electrode.  Electron 

transfer can occur when the electrode potentials are driven to higher negative 

or positive potentials causing the energy the electrons acquire to be sufficient 

enough to transfer into vacant electronic states on the analyte, thus creating a 

cathodic current (Figure 1.3(a)) or lowered to a point where the electrons on 

the analyte deems it more energy favorable to transfer to the electrode, 

creating an anodic current (Figure 1.3(b)).31  This type of transfer is called a 

faradaic process.  The potentials at which electron transfer occurs are related 
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to the standard potentials, and vary depending on target analytes and electrode 

types.  The charge that is detected from the electron transfer is 

stoichiometrically related to the concentration of the analyte and can therefore 

be used to measure the amount of analyte in a given environment. 

 

Figure 1.3. (a) Electron transfer from electrode to analyte LUMO when 

sufficient negative potentials are reached causing a cathodic current. (b) 

Electron transfer from analyte HOMO to electrode when sufficient positive 

potential is applied. 

 

  

(b) 

(a) 
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There are two types of processes that occur at electrodes.  As previously 

discussed, one process is referred to as a faradaic process where electron 

transfer occurs across the solution and into the electrode.  The other process 

that can occur is caused by adsorption and desorption of ions in the electrolyte 

solution that can cause currents to flow.  This process is a non-faradaic current 

and must be taken into account when analyzing electrochemical data.31 

Sensors that operate via electrochemical detection have four main modes of 

function.  These are changes in capacitance, voltage, current and resistance.32  

The environment of sensing, target analyte, and sensor system will determine 

which method would be most suitable.  Care must also be taken in the design 

of the sensor so that perturbations in the capacitance, voltage, current or 

resistance is caused only by the target analyte. Otherwise, false positives can 

readily occur. 
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1.4.2. Microelectrodes 

A microelectrode is loosely classified as any sensor that has an active layer 

size in the micron regime.  Largely ignored until the mid-80’s, 

microelectrodes have since secured its place in fundamental and applied 

studies within the field of electrochemistry.  Microelectrodes can be fabricated 

in various shapes, such as hemispheres, discs, wire and ring types.36   

Microelectrodes have sparked much interest due to several advantages over 

macroelectrodes.  Firstly, their smaller sizes allow their use in areas that 

otherwise cannot accommodate the size of a macroelectrode.  Also, a 

microelectrode’s smaller footprint allows it to be less invasive, which is 

important when dealing with biological systems.   

Microelectrodes also reduce the contribution to charging currents.  As 

potentials are changed, electrons move into or away from the electrode surface.  

This current flow is not a result of the electron transfer from the target analyte 

and can distort experimental results.  Therefore, increasing the ratio of the 

faradaic contribution to the charging current is desirable when using a sensor.  

It has been studied that the charging current is proportional to the square of the 

radius of the microelectrode area and since the faradaic current is linearly 

proportional, reducing the size of the sensor results in an increase in the 

faradaic to charging current ratio.37 

Lastly microelectrodes are less susceptible to iR drop.  As current flows from 

the counter electrode to the working electrode, a potential field is generated 

which leads to a partial ‘loss’ of the applied potential.  This results in the 

potential at the working electrode ‘lagging’ the applied potential at the 
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potentiostat which can critically distort output data especially the onset 

potential of oxidation/reduction values.  The iR drop is related to the square of 

the working electrodes radius, similar to the charging current. Thus as a sensor 

moves into a microelectrode scale size, the effect of iR drop is lessened.  In 

controlled experiments, where iR drop is a greater problem for 

macroelectrodes, higher supporting electrolyte concentrations can be used to 

mitigate the onset of iR drop.38  However, in real world systems, manipulation 

of the electrolyte concentration may not be feasible and therefore shows the 

usage of microelectrodes to be clearly superior in this regard. 

It has been reported that graphene based microelectrodes have been fabricated 

and used in the detection of dopamine (DA) and in a composite microelectrode 

neural sensor, showing that the electrical performance of graphene at the 

micro scale is promising even at these dimensions.39,40 

 

1.4.3. Diffusion Layer 

A diffusion layer occurs in the area near an electrode surface where the 

concentration of the target analyte differs from the concentration in the bulk 

solution.  The difference in these concentration levels causes diffusion of the 

target analyte towards the electrode.  The size of this diffusion layer is largely 

dependent on the diffusion coefficient of the analyte, the size of the electrode 

and the scan rate used.  For macroelectrodes, the diffusion layer is planar and 

extends perpendicular from the surface of the electrode.31  The diffusion layer 

changes profile as the electrode active area scales down to micron regimes.  

As the size is reduced, the edges of the diffusion layer have a greater influence 
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on the diffusion profile and push it from a planar form to a hemispherical one.  

This hemispherical diffusion profile allows for a greater flux of analyte 

towards the electrode.41  As mentioned previously, since iR drop and charging 

currents are smaller when dealing with microelectrode regimes, the increase in 

analyte and therefore electron transfer to the electrode surface improves the 

signal to noise ratio of the microelectrode sensor significantly.  Figure 1.4 

shows a typical microelectrode CV.  As can be seen, the difference between a 

typical macroelectrode CV (Figure 2.10) and a microelectrode CV (Figure 1.4) 

is that the microelectrode CV is sigmoidal in shape and does not contain the 

characteristic peaks and large depletion zone usually associated with 

macroelectrode CVs.  Instead, a steady state current is seen.  This is due to the 

increased diffusion flux of the analyte towards the microelectrodes surface.  

The diffusion is fast enough to replenish the depleted analyte resulting in the 

sigmoidal shape that is characteristic of a microelectrode.36 

 

Figure 1.4. Typical sigmoidal shape of a CV voltammogram of a 

microelectrode.  



10 
 

1.4.4. Microelectrode array 

As discussed, microelectrodes have many advantages that are attractive in the 

area of electrochemistry.  However, due to the small sizes of a microelectrode, 

current signals are extremely small and usually in the nano to pico amp range.  

These small currents can put great strain on conventional electrochemical 

equipment or require expensive noise filtering components.38  However, a way 

to overcome this limitation of small current signals is to fabricate the 

microelectrode into an array format.  In an array configuration, each 

microelectrode works in parallel resulting in a larger overall signal.42 

However, the pitch spacing between individual microelectrodes on a 

microelectrode array (MEA) must be taken into account.  As previously 

discussed, a diffusion layer hemisphere forms during the operation of a 

microelectrode.  The radius of this hemisphere is dependent on the 

electroactive material kinetics involved in oxidizing/reducing the target 

analyte, the scan rate used and the radius of the microelectrode.  Overlap of 

the diffusion hemisphere between the microelectrodes in the array must be 

avoided otherwise the system shifts back into a macroelectrode regime, 

resulting in the loss of all benefits associated with microelectrodes.43 

There have been reports of carbon based MEAs utilizing carbon nanotubes or 

carbon nanofibres as the electro active area.44,45  However, these techniques 

require photolithography and high temperature CVD processes to fabricate, 

which can be a limiting factor in terms of scaling.  Other graphene based MEA 

attempts have been reported by Li et al., which details reducing a GO surface 

at selective areas using a stamp method of hydrazine polydimethylsiloxane 
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(PDMS) wells.46  The drawback with this is that after time, the unreduced GO 

areas of the surface will become active and therefore the device will 

eventually lose its MEA characteristics.  There have also been other reports of 

rGO microelectrode array bands.  Ueno et al. reports using photolithography 

to fabricate rGO/Au microarray bands to study the redox cycling of p-

aminophenol.47  Hsiao et al. also fabricates a rGO-Poly(3,4-

ethylenedioxythiophene) (PEDOT) microarray band device that was then used 

to promote the adhesion and accelerate differentiation of human mesenchymal 

stem cells.48  However, these reports do not investigate how the rGO active 

layer affects the performance of the MEA device itself.  Little consideration 

has been given to how rGO performs and the fabrication guide rules required 

for a graphene based MEA device to operate in a microelectrode regime, 

which still leaves the question, ‘What is the optimal interelectrode distance for 

an rGO MEA?’.  This will be addressed in Chapter 5. 

 

1.4.5. MEA Diffusion Types 

As previously mentioned, a microelectrode will exhibit hemispherical 

diffusion profiles.  Typically this will always result in a sigmoidal shaped 

cyclic voltammogram.   However, in an array format the diffusion 

hemispheres now have a chance to interact with neighboring microelectrode 

diffusion hemispheres.  The extent of this interaction is dependent on the 

interelectrode spacing of the microelectrode and the scan rate used.  At faster 

scan times, the diffusion hemisphere has less time to increase in size from the 

active layer surface.  The shorter diffusion hemisphere radius means the 
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chance for overlap is less likely.  Conversely, at longer scan times, the 

diffusion hemispheres have more time to increase in size and diffusion overlap 

is more likely if the interelectrode spacing is close enough.49 

Figure 1.6 shows computer simulations showing the 5 main categories for 

MEA diffusion types and their corresponding voltammograms.  Category 1 

(Figure 1.6a) occurs when electrode radius (Er) >> diffusion hemisphere radius 

(Dr).  The individual microelectrode behaves as a macroelectrode and the 

resulting profile is peak-shaped.  Category 2 (Figure 1.6b)  shows diffusion 

hemispheres that overlap, resulting in a profile between peak-shaped and 

sigmoidal.  Category 3 (Figure 1.6c)  shows Er << Dr.  However the 

interelectrode distance is spaced far apart enough so that the diffusion 

hemispheres do not overlap and the profile is sigmoid, showing steady state 

characteristics.  Category 4 (Figure 1.6d) occurs when Er << Dr but the 

interelectrode spacing is close enough so that there is still some interaction 

between neighboring diffusion hemispheres.  This results in a mixed diffusion 

regime whose profile is in between peak and sigmoidal shaped voltammgrams.   

Category 5 (Figure 1.6e) occurs when the diffusion layer completely overlaps 

with its adjacent diffusion hemisphere pushing the diffusion profile back into a 

planar regime which results in a macroelectrode peak-shaped voltammogram.  
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Figure 1.6. Simulated concentration profiles with isoconcentration contour 

lines over a microelectrode array representing the five main categories of 

diffusion modes: (a) planar diffusion layers on individual microdisk; (b) mixed 

diffusion layers on individual microdisk; diffusion mode between planar and 

hemispherical diffusion; (c) hemispherical diffusion layers on individual 

microdisk; (d) mixed diffusion layers; diffusion mode of partial overlapping of 

adjacent diffusion layers; (e) planar diffusion layer over the entire 

microelectrode array; diffusion mode of complete overlapping of individual 

diffusion layers. In the scale bar next to the figure, the red color represents the 

bulk concentration and the blue color represents zero concentration. The 

second scale bar represents a relative concentration scale for the contour lines. 

Reprinted (adapted) with permission from ref 50.50Copyright (2009) 

American Chemical Society. 

 

It is important to understand the correlation between diffusion profiles and its 

resulting cyclic voltammogram.  This is because the advantageous 

characteristics of a microelectrode can be removed from an MEA sensor if 

(d) 

(c) 

(e) 

(b) 

(a) (a) 

(b) 

(c) 

(d) 

(e) 
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diffusion hemispheres overlap such that planar diffusion results during sensor 

operation, as in Category 5.  Keeping an MEA operating within Category 3 

and 4 profiles is ideal and will be studied in greater depth in chapter 5.  

 

1.4.6. Microelectrode Array Fabrication 

Microelectrodes have been traditionally fabricated using metals such as gold, 

silver and platinum as the active layer as conductive materials are required for 

electron transfer to occur.51–55  These microelectrode arrays benefit from all 

the advantages of a microelectrode as mentioned in the previous section, but 

are able to output higher current.  This occurs because the multiple 

microelectrodes on the surface act in concert with each other to create an 

overall larger current. 

MEA fabrication can come in several configurations.  Firstly there are 

vertically aligned MEAs where the active microelectrodes protrude out from 

the collector substrate.45,56  Secondly, there are inlaid MEAs where the active 

layer is level with the substrate surface.37  Lastly there are recessed MEAs 

where the active materials lies indented into the insulating layer.50  It is this 

last conformation of MEAs that this thesis will focus on.   

Typical recessed MEA fabrication techniques as shown in Figure 1.7 include a 

series of lithography sacrificial layers and wet chemical etch methods.  First, 

an active layer such as platinum, gold, silver etc. is selected and deposited 

onto a substrate.  Next a photoresist layer is spincoated onto the metal layer 

and photolithography is used to pattern the electrode shape onto the substrate.  
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The photoresist is washed away and reactive ion etching is employed to 

remove the unwanted metal areas.  The residual photoresist is then washed 

away and a passivating layer is deposited onto the patterned metal electrodes.  

Photoresist is spin coated onto the passivating layer and a photomask is 

aligned so that the resist that is removed exposes the passivating layer that is 

covering the active electrodes.  Once the resist is washed away, etching is used 

to remove the passivating layer covering the active metal electrodes and the 

final step involves washing away all the photoresist.   

As can be seen, the etch steps in a conventional MEA fabrication process are 

not amenable to be used with thin layer active materials such as graphene.  

Controlling the etch times to remove the passivating layer without also 

removing the graphene layer is currently too difficult to control.  With metal 

based MEAs, longer etch times can be used to completely remove the 

unwanted passivating layer, knowing that the metal layer is thick enough to 

not be completely removed.  This is not so with single layer or few nanometer 

thick graphene active layers as sometimes even a few seconds in an reactive 

ion etch environment can completely remove the graphene material.   

It is for this reason that there has not been much study graphene based MEAs.  

In order to study graphene microelectrode arrays (GMEA), a new method of 

MEA fabrication is required.  This can be done through a process whereby the 

graphene active layer is protected by another material that is later on easily 

removed without having to resort to etching processes.  This will be discussed 

in Chapter 3.  
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Figure 1.7. MEA fabrication process. (a) Substrate is cleaned (b) The 

electroactive layer is deposited onto the substrate. (c) Photoresist is spin 

coated onto the electroactive layer. (d) Photolithography is used (e) Removal 

of the unwanted electro active areas is done by chemical or wet etching. (f) A 

passivating layer is deposited onto the patterned electro active layer. (g) 

Photoresist is spin coated on top of the passivating layer. (h) Photolithography 

is used to expose the passivating layer that is covering the electroactive areas. 

(i) Etching is used to remove the passivating layer exposing the electro active 

layer and removal of residual photoresist. 

 

1.4.7. MEA Fabrication using Nanoimprint lithography (NIL) 

NIL was the main method used to fabricate graphene based MEAs.  NIL is a 

surface patterning technique capable of fabricating nanometer scale patterns 

on various substrates25 using thermal or UV curable photoresists at elevated 

temperatures and pressures.  At temperatures past the glass transition 

temperature (Tg), the resist layer flows into the patterns of the mold.  Once 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 

(h) 

(i) 
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allowed to cure using UV light or lowering the temperature below Tg levels, a 

negative pattern of the Si mold is left on the surface (Figure 1.8).26  Pattern 

resolutions have been fabricated down to 5 nm,27 far exceeding pattern 

resolutions found in conventional lithography techniques that are limited by 

the wavelength of visible light (approx. 200nm). 

 

Figure 1.8. Typical NIL process (a) Resist is spin coated onto a substrate. (b) 

Mold comes into contact with resist layer under pressure and temperature. (c) 

Once Tg of resist is reached it starts to flow and fill in the cavities of the mold.  

(c) Temperature is reduced and mold is reduced leaving behind a negative 

patterning of the mold 

 

NIL has been largely used in the area of creating functional surfaces.  

Studying surface structures in nature that possess characteristics based on 

surface structuring alone.  Such as, colorization of the butterfly wing,28 super 

hydrophobic self-cleaning properties of the lotus leaf29 and hydrophobic water 

pinning effect found in rose petals (Figure 1.9).30  Using NIL, the surface 

structures of these biological systems can be replicated in the lab resulting in 

materials that possess the same characteristics as the mimicked biological 

system. 

(a) 

(c) 

(b) 

(d) 
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Figure 1.9 (a) Rose petal and SEM imaging of petal surface. (b) NIL 

imprinted surface of poly carbonate (PC) substrate with a similar structure as 

the rose petal surface. (c) Pinning of water droplets on the surface of patterned 

PC.  Reproduced with permission from ref 30.30 

 

A secondary use of NIL is to utilize the process to create sacrificial layers for 

etching.  This process is similar to masking techniques used with 

photolithography, except that NIL allows the resolutions of the etch patterns to 

go down to the 10 nm regime.   

NIL is a method that can create periodic surface structures across a substrate 

and therefore is an excellent method to fabricate MEAs which require periodic 

microelectrode holes across a conducting substrate.  Furthermore, NIL can 

create these structures on a large scale allowing for a relatively higher 

throughput fabrication process for MEAs. 

 

(c) 

(b) (a) 
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1.4.8. MEA Applications 

Applications for microelectrode arrays have found their uses in environmental, 

neuroscience, drug discovery and biological detection research areas.57–59  

MEAs lend themselves well to these fields due to the small nature of the 

environments the target analytes reside in, such as neuron cells, ion channels 

or even molecular level drugs and bioanalytes, which MEAs are more 

sensitive to due to their characteristic higher signal to noise ratios.  

Documented MEA usage include tracking neuron propagation,60 acting as a 

brain-machine interface to restore motor function,61 detection of bio 

analytes,43,62–64 bacteria detection,65 gas sensing,66 and DNA detection67,68.  As 

can be seen, the electrochemical properties that an MEA possesses can be used 

over a wide area of research fields. 

 

1.4.9. rGO as an active material in MEA 

As discussed previously, traditional active materials have been mainly metals 

such as platinum, gold and silver.  However with the discovery of an ever 

increasing number of electrically conductive materials, the electroactive layer 

of a sensor has expanded to include other materials such as indium tin oxide 

(ITO), fluorine tin oxide (FTO), glassy carbon etc.62,69–72  Naturally, since its 

discovery as being an excellent electrical conductor, graphene has been used 

as an electrode active layer and has been extensively reported in many 

different configurations, from gated field effect transistors (FET)s to changing 

the active layer of sensors to improve performance.73–77  Graphene is a suitable 

electroactive layer for several key reasons.  Graphene has a wide 
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electrochemical window, is chemically stable, is relative inert, is highly 

tunable to be selective to specific analytes, contains no impurities as compared 

to metal based active layers, flexible and is low cost.34,78–80 

One area that graphene has not been investigated in is the MEA format.  As 

previously mentioned, GMEA fabrication has not been trialed due to 

difficulties in controlling etch times for thin layer active materials.  

Traditionally when metals are used as the active layers, the layers are thick 

enough to compensate for etch methods removing any protective layer but also 

exposing the metal active layer.  However, when one is dealing with 

nanometer thick graphene based active layers, controlling the etch time to 

remove the insulating layer without also removing the graphene active layer 

becomes a nearly impossible technical issue.  However, a method was 

developed to protect the graphene active layer by using an imprintable resist 

layer of poly vinyl alcohol (PVA).  This method is not restricted to atomically 

thick graphene but also to few nm thick materials such as rGO.  rGO is an 

attractive derivative of graphene due to its applicability to solution processing, 

and its high electron mobility and oxygen groups that can act as chemical 

functionalization sites or in some cases active centers for faradaic currents to 

occur. 

Using this technique, MEAs were fabricated under conditions that were 

relatively mild and therefore could be used with plastics substrates, creating a 

technique to fabricate flexible plastic substrate sensors which will be discussed 

in greater detail in Chapter 4. 
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1.5. Objectives and work scope 

To realize graphene based devices, methods must be developed to enable 

selective control over the placement of graphene and its derivatives on a large 

scale.  The intrinsic graphene characteristics of electrical conductivity, 

flexibility and bio compatibility lends itself well to be used in sensing 

applications. 

In view of this, graphene manipulation on a large scale was explored through 

the use of nanoimprint lithography (NIL) in chapter 3.  NIL was amenable to 

templating substrates over a large area in various shapes and sizes.   

Graphene and reduced graphene oxide (rGO) was incorporated as an active 

layer into a microelectrode array (MEA) sensor.  A novel self-aligning method 

was developed and the fabricated rGO MEA biosensors performance was 

investigated in chapter 4.  Sensitivities towards bioanalytes such as dopamine 

and hydrogen peroxide were studied as well as the biosensors ability to be 

incorporated into a microfluidic system and the devices flexibility was also 

investigated. 

MEA design requires interelectrode spacings of the microelectrodes to be 

spaced far enough from each other so that the diffusion hemispheres do not 

overlap.  Chapter 5 investigates the optimal interelectrode spacing for an rGO 

MEA using rGO MEAs with varying interelectrode distances and cyclic 

voltammetry characterization to determine the distance at which the device 

would operate in a microelectrode regime. 
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The active layer material plays an important part in the performance of an 

electrochemical sensor.  Ideally an active layer should be able to be deposited 

onto an electrode in a uniform manner so that its performance is consistent 

across large area electrodes.  Leveraging on the self-assembling nature of the 

peptide hydrogel N-fluorenylmethoxycarbonyldiphenylalanine (Fmoc-FF) to 

form a 3D scaffold, a reduced graphene oxide/Fmoc-FF nanocomposite (rGO 

NC) was synthesized to determine pH and concentration parameters so that the 

rGO NC could coat a large area electrode substrate uniformly.  

Characterization of the rGO NC sensitivities was conducted and compared 

with an rGO layer without the self-assembling peptide scaffold.  The rGO 

NC’s use in bioapplications was investigated through the detection of 

serotonin in the presence of dopamine and ascorbic acid interferents.  Lastly, 

the rGO NC layer was fabricated into an MEA configuration. 

The findings in this thesis are important to furthering the development of new 

methods to shape graphene materials and fabricate graphene based MEA 

sensors.  The work showed graphene as an excellent active layer for MEA 

devices and is especially amenable to flexible biosensor platforms.  

Elucidating the optimal interelectrode spacing to microelectrode radius ratio 

serves as an important guide rule for future rGO based MEA devices.  Lastly, 

developing an rGO NC active layer using self-assembling peptides that can be 

uniformly coated over a large area with increased sensitivities can be used for 

future biosensing devices. 
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Chapter 2. Experimental techniques 

 

This chapter covers the techniques used to characterize, fabricate and probe 

the properties of the graphene based devices. 

 

2.1. Photolithography 

Photolithography is used to create micro patterns on a substrate through the 

use of a photomask and light sensitive photoresists.  The photomask is 

typically made from glass with a layer of chrome that defines the pattern.  The 

chrome layer serves to block the UV light from contacting the photoresist 

while allowing the other desired areas to be exposed.  Depending on the type 

of photoresist (negative or positive), the areas that are exposed to UV light 

will either wash away or remain on the substrate when it undergoes the photo 

developer process respectively.  Figure 2.1 illustrates the process of a typical 

photolithography technique.  Once the photo resist has been developed, 

leaving behind the patterned resist layer, etching techniques can be employed 

to pattern the underlying SiO2 substrate.  The photoresist can then be easily 

removed with a solvent such as acetone leaving behind a patterned substrate. 
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Figure 2.1. The process of photolithography used in microchip construction. 

A photoresist is spin-coated onto the oxidized surface of the silicon wafer (a) 

and a photomask is aligned on top (b). The unit is subjected to UV light, the 

photomask is removed, and the unpolymerized photoresist is rinsed away (c). 

Finally, the exposed, oxidized surface of the silicon wafer is etched away (d), 

and the remaining polymer is removed (e) to result in a silicon chip patterned 

in the negative image of the photomask. Reprinted (adapted) with permission 

from ref 1.1 Copyright (2005) American Chemical Society. 

 

2.2. Atomic Force Microscopy (AFM) 

AFM is a surface imaging technique that utilizes a sharp probe to investigate 

relative surface height differences on a sample.  AFM has demonstrated sub 

(a) 

(c) 

(d) 

(b) 

(e) 
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nanometre resolutions and has become an important tool in surface imaging 

(Figure 2.2). 

AFM operates by the use of Van der Waals interactions.  When the probe tip is 

brought close to the surface of the sample, the force exerted on the tip by the 

surface atoms either attract or repel the probe and a laser that is aligned 

directly onto the cantilever that the probe is attached to detects these small 

deflections.  Using a photodiode and imaging software, the surface topography 

can be generated.  AFM can be operated in its other useful mode, tapping 

mode AFM.  Tapping mode AFM operates via a small piezoelectric element 

that oscillates the cantilever near its resonant frequency.  As the oscillating tip 

is brought near the surface, the interacting forces dampen the amplitude of the 

oscillations.  A feedback mechanism is used to monitor the change in 

amplitude and the AFM tip height is adjusted so that it continues oscillating at 

its resonant frequency.  The method of tapping is preferred to the contact 

mode AFM as there is less likelihood of the tip or sample being damaged.  
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Figure 2.2. Schematic of basic AFM operation (left), real micro-cantilever 

and components (right). Reprinted with permission from ref 2.2 

 

AFM was particularly useful in measuring the dimensions of the rGO MEA 

hole openings and the thickness of the PMMA protective layer, and also the 

surface roughness of the self assembled GO nanocomposites as presented later 

in chapter 6. 

 

2.3. Scanning Electron Microscopy (SEM) 

SEM is a characterization technique that uses electrons to produce images of a 

sample.  The most common mode of SEM imaging is done by an electron 

beam that is rastered across the sample surface.  The electron beam has an 

energy ranging from 0.2 to 40 keV.  This beam is then focused via two 

condenser lenses (Figure 2.3) after which it passes through deflector coils that 

deflect the beam in the x-y plane to allow it to scan over a sample area.  The 
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atoms in the sample are excited by the electron beam and eject secondary 

electrons.  These secondary electrons are collected and amplified.  The 

position of the incident electron beam is then correlated with the intensity of 

the collected signal.  Resolutions for SEM can go down to 1 nm and the scan 

speeds are relatively fast.   

SEM sample preparation usually involves coating the sample with a thin layer 

of conductive metal.  This is to prevent unwanted charging effects caused by 

the incident electron beam. 

 

Figure 2.3. Global schematic of an SEM setup. Reprinted with permission 

from ref 3.3 

The use of SEM allowed relatively large area surveys of the GO samples.  

This was especially useful when observing the morphologies of the GO 

nanocomposites.  
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2.4. Raman Spectroscopy 

Raman spectroscopy is a powerful technique that is able to identify unknown 

materials through output data of a materials unique Raman spectral fingerprint.  

Raman spectroscopy operates through the use of photons from an emitted laser 

that interact with the electron density of atoms or molecules.  When a photon 

collides with a molecule it will undergo elastic or inelastic scattering.  It is the 

inelastic scattering where a photon loses part of its energy to the material and 

causes atoms to vibrate that is considered as the Raman scattering process and 

named after its discoverer, C. V. Raman. 

When energy is lost, it is considered as ‘Stokes’ and where energy is gained, it 

is considered as ‘anti-stokes’ (Figure 2.4). The change in energy is dependent 

on the frequency of the vibration of the molecule. 

 

Figure 2.4. Energy Level Diagram 
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Raman spectroscopy has been used extensively in graphene characterization.  

It can differentiate between the graphene derivatives such as graphene oxide 

(GO), reduced graphene oxide (rGO) and pristine graphene.  It can also give 

information on the whether the graphene is single layer or few layers.4   

Primarily, pristine graphene has a peak that occurs at 1580 cm-1 called a G 

peak which is a result of the in-plane vibration of the sp2 bonds, and another 

peak at 2700 cm-1 called a 2D peak which is a second order of the D peak.5   

The Raman spectra of GO has a G peak at the 1600 cm-1 and a D peak at 1350 

cm-1.  The rise of this D peak that is not found in pristine graphene is due to 

defects in the breathing mode of the sp2 rings.6  rGO can be distinguished from 

GO materials by the relative intensities of the D and G peak.  As GO is 

reduced more sp2 domains form and results in an increase of the intensity of 

the D peak.  Higher D to G peak ratios indicate the presence of rGO.7 

 

2.5. X-Ray photoelectron spectroscopy (XPS) 

XPS is a versatile characterization technique used to determine the elemental 

composition of elements within a material.  XPS works by irradiating a sample 

with low energy X-rays.  If the transferred energy is large enough to excite the 

electrons they will be emitted as a photoelectron (Figure 2.5).  Once detected 

the kinetic energy of the electrons is measured as the incident energy minus 

the binding energy.  Since incident and kinetic energy is known, the binding 

energy can be calculated and therefore the parent element of the electron can 

be determined. 
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Figure 2.5. (a) Schematic diagram showing the photoelectric effect. Upon 

shining light of energy hν, photoelectrons are ejected from the material. (b) 

Energy level diagram of a metal showing electrons being photoejected from a 

core level to a state above the vacuum level with a finite kinetic energy. 

Reprinted (adapted) with permission from ref 8.8. Copyright (2013) American 

Chemical Society. 

 

XPS can also provide chemical bonding information.  Depending on what 

elements the parent atom is bonded too, the energy levels of the ejected 

electrons will shift slightly giving information to what chemical compounds 

are present.  XPS also gives quantitative information and is regularly used in 

determining the amount of oxygen to carbon ratios in graphene oxide and 

reduced graphene oxide samples.6 

 

2.6. Differential Pulse Voltammetry (DPV) 

DPV is a type of electrochemical measurement that involves the potentiostat 

outputting a series of regular voltage pulses (Figure 2.6).  The current is 

sampled before the potential change and the difference is plotted against the 

(a) (b)  
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potential.  Measuring the current in this fashion minimizes the effect of non-

faradaic currents and allows for more sensitive target analyte-electrode 

reactions to be analyzed.  This potential stepping technique allows the 

simultaneous detection of analytes of different oxidation points, and is a useful 

technique in the area of biosensing. 

 

Figure 2.6. DPV Potential wave form profile. 

 

2.7 Chronoamperommetry (CA) 

One of the main electrochemical detection techniques used in this thesis is CA.  

CA is an excellent method for quantitative analysis.  In CA, the current is 

measured as a response to a potential pulse of a set duration.  At the beginning 

of the experiment, the working electrode is held at E0 – usually at a point 

where no electrochemical processes occur.  At t=0, the potential is stepped up 

to E1 where it is the potential of interest (Figure 2.7).33 
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Figure 2.7. Sweep profile of CA. 

 

It is important to note that at short times, the current detected by CA consists 

largely of a non-faradaic component due to the formation of the double layer 

capacitance.  This non-faradaic current decays exponentially with a time 

constant that is determined by the uncompensated resistance (Ru) and the 

double layer capacitance (Cd).  Therefore, experimental measurements should 

be taken at values greater than RuCd in order to minimize the effect of the 

double layer capacitance.33   

Figure 2.8 shows a typical response to CA.  This current line can be described 

by the Cottrell equation and is a function of t-1/2. 

𝑖 =
𝑛𝐹𝐴𝑐√𝐷

√𝜋𝑡
 

Where i is the current in A, n is the number of electrons participating in the 

reaction, F is faradays constant, A is the surface area of the electrode in cm2, c 

is the initial concentration of the analyte in mol/cm3, D is the diffusion 

coefficient of the analyte in cm2/s and t is the time in seconds. 
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Figure 2.8.  Resulting output from a typical CA experiment. The decaying of 

the current follows the Cottrell equation. 

 

This decay occurs as the working electrode is stepped to a potential that allows 

for oxidation/reduction of the analyte at t=0, the region in which the 

immediate vicinity of the electrode converts the target analyte to its counter 

oxidation/reduction form.  This creates a concentration gradient, where the 

analyte that is in the bulk concentration diffuses towards the electrode surface 

where electron transfer can occur.  As the electrode remains at this potential, 

the concentration gradient extends further out from the electrode surface as 

more of the analyte is depleted.  This region is called the diffusion layer.34   

2.8 Cyclic Voltammetry (CV) 

CV is a fast electrochemical tool that can provide qualitative and quantitative 

information.  It is an electrochemical method that involves sweeping the 

electrode potential between two potential points at a controlled sweep rate, and 
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the corresponding current is recorded as a function of the potential sweep 

(Figure 2.9). 

 

Figure 2.9. Sweep profile of CV 

 

Figure 2.10 shows a typical CV voltammogram.  This CV is peak shaped, 

showing a maxima/minima for reduction/oxidation reactions respectively.  

After the peak, it can be seen there is a depletion zone.  This occurs when the 

voltage continues to sweep to higher potentials, the diffusion of the 

unreduced/unoxidized analyte towards the electrode surface is slower than the 

electron transfer rate and subsequently the current falls off.33  This 

electrochemical method can be used to investigate the behavior of an electrode 

whether it is operating in the macro or microelectrode regime.  Peak shaped 

CVs are indicative of macroelectrode behavior and sigmoidal shaped CVs are 

indicative of microelectrode behavior. 
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Figure 2.10. Typical peak shaped CV voltammogram.  

 

Other key interest points involve the potentials at which the redox peaks 

appear, giving insight to when an electrode material causes 

oxidation/reduction of a target analyte to occur.  The peak separation also 

gives information into the transfer kinetics, where ideally, a reversible process 

would follow the Nernstian value of 59.2/n mV, meaning a one electron 

transfer process would have a CV peak separation of 59.2 mV.  Other 

information that can be gathered from CV is the concentration of the target 

analyte as the peak currents are stoichiometrically related to the amount of 

converted analyte that is being oxidized/reduced at the electrode surface, this 

is the basic mechanism for analyte detection.35 
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Chapter 3. Patterning of graphene with tunable size and shape 

for microelectrode array devices 

 

 

Abstract 

Large size and high quality graphene grown by chemical vapor deposition 

(CVD) has been fabricated into an array of discrete graphene sheets with well 

defined sizes and shapes.  A fabrication process based on nanoimprint 

lithography has been developed to achieve shape tunability with sizes ranging 

from micrometer to nanometer. The technique preserves the quality of the 

CVD grown graphene and offers the versatility of transferring the graphene 

array onto any rigid or flexible substrate. The process is then expanded to 

fabricating a graphene based microelectrode array whose performance is 

demonstrated in the real time sensing of peroxidise excreted by breast cancer 

cells.  The device displayed a linear working range of 0.01 to 25 mM and a 

sensitivity of 8.8 mA mol-1. 

 

3.1. Introduction 

Since its discovery in 2004, graphene has attracted a large research interest 

due to its unique properties such as massless dirac fermions, room temperature 

ballistic conduction, high intrinsic bond strength and optical transparency.1,2  

Graphene, being atomically thick, possesses high surface to volume ratios that 

allow for increased active sites for target analytes.  This property, coupled 

with graphene’s high conductivity that results in low signal-to-noise ratios and 
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increased detection sensitivities,3 has prompted a strong impetus to move it 

from a research platform to areas of utility where it can impact a diverse range 

of applications.  Graphene based devices require their components to be 

fabricated in a particular shape/size and positioned on or within the device at 

specific locations.  Currently, graphene sensing devices have largely been 

unconcerned with the size and shape of the graphene active site.  However, in 

order to further push graphene based devices to positively impact commercial 

areas such as large array of transferable electric circuitry,4,5 super capacitors,6-8 

transistors,9-11 and sensors,12,13
 the parameters of scalability and consistency 

need to be addressed in order to fabricate reliable devices in a manner that is 

scalable. 

Manipulating atomically thin graphene into desired shapes and sizes with high 

fidelity while allowing for large batch processing is not trivial as graphene 

sheets can be fragile and polymer residues from the transfer process can 

contaminate the active areas.  Intense research efforts have been dedicated 

towards developing high fidelity transfer of these sheets onto arbitrary 

substrates.   

Previous attempts at patterning include the use of polystyrene balls as a 

masking layer during the etching of grapheme which results in mesh-like 

patterns14, microcontact printing where layers of graphene are lifted by means 

of a transfer substrate and stamped onto a receiving surface.9  Ink jet printing 

of solution-processible graphene has also been demonstrated15,16 and graphene 

sheets have also been patterned using a laser ablation process.17  However, 

these methods have limitations in pattern design and upscaling.  There is a 
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need to develop a process for shaping graphene into any desired conformation 

and transferring these patterned graphene onto specific areas.   

This chapter reports an imprint patterning method that is amenable to size 

(micron to nano scales) and shape control in the structuring of the graphene 

sheet, encapsulating the graphene patterns which can then be transferred onto 

any arbitrary substrate.   This process is then used to fabricate a workable 

graphene based sensor device. 

 

3.2. Materials and Methods 

3.2.1. Graphene Patterning 

Graphene was grown using a chemical vapor deposition (CVD) process on 

copper foil. 1um thick poly methyl methacrylate (PMMA) from Microresist 

was spin coated onto the surface and imprinted using an Obducat 

Nanoimprinter at 150 degrees C, 50 Bar, for 5 minutes using silicon molds 

with differing patterns. Etching was carried out by an Oxford RIE to etch into 

the imprinted PMMA/Graphene/Copper foil sample. The timing was 

controlled to ensure the unwanted graphene areas were etched and a protective 

layer of PMMA remained.  PMMA was once again spincoated over the freshly 

etched sample and the copper substrate dissolved in 0.5M FeCl3 solution. 
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3.2.2. Graphene Fluorescence 

Fluorescein sodium salt was purchased from Sigma Aldritch Co.  10mg of 

fluorescein salt was added to 1ml of ethanol solution.  1ml of 500nm thick 

PMMA solution was added to the fluorescein/ethanol solution to make a 

fluorescein resist. The resist was spin coated onto the transferred graphene 

paper.  An Olympus BX 51 fluorescent microscope with NIS Elements D3.0 

software was used for imaging. 

  

3.2.3. Graphene Microelectrode Array Fabrication 

A graphene microelectrode array (GMEA) was fabricated using a CVD 

graphene monolayer that was transferred onto an indium tin oxide (ITO)/glass 

substrate. A 10% w/w polyvinyl alcohol (PVA) solution was spin coated onto 

the graphene/ITO/glass substrate and imprinted.  Upon demolding, the PVA 

patterned graphene sample was etched, resulting in a ITO/glass substrate with 

patterned graphene on its surface with a residual protective layer of PVA.  

This layer of PVA was then covered by a 1µm thick layer of PMMA which 

serves as an insulating layer.  A subsequent etching was carried out on the 

PMMA layer and the time of etching controlled so that the underlying PVA 

layer was exposed.  The sample was then placed in deionized water at 60 

degrees C overnight under gentle stirring.  This allows the protective PVA 

layer to be dissolved away to expose the underlying graphene layer to the 

environment (process in supporting documents).  Graphene oxide 

microelectrode array (GOMEA) on ITO/polyethylene teraphthalate (PET) was 

fabricated in the same fashion, with the graphene monolayer replaced with 
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spin coating 2.5mg/ml GO solution onto the ITO/PET substrate at 5000rpm 

for 60 seconds. 

 

3.2.4. H2O2 Detection 

20mM of H2O2 in 1mM phosphate buffer saline (PBS) solution was used to 

characterize the response of GMEA and ITO microelectrode array (ITOMEA).   

 

3.2.5. MCF-7 Breast Cell Growth 

Cell culture: Human breast cancer MCF-7 cells were purchased from 

American Type Culture Collection (ATCC).  The cells were grown in DMEM 

(Gibco) supplemented with 2mg/ml insulin, 1mM sodium pyruvate, 1mM 

nonessential amino acids, 4mM glutamine, 10% fetal calf serum (Gibco) and 

50U/mL penicillin/streptomycin (Gibco).  One day before testing, cells were 

trypsinized and seeded at a density of 3000 cells cm-2 on the GMEA. 

 

3.2.6. Cyclic Voltammetry Characterisation 

Cyclic voltammetry (CV) characterization was conducted in 1M KCl 

electrolyte solution, with Platinum mesh counter electrode, Ag/Cl reference 

electrode and 2.5mM Ruthenium Hexamine (III) Chloride redox agent. 
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3.2.7. Graphene Oxide Reduction 

Electrochemical reduction of graphene oxide (GO) was conducted by 

immersing the GOMEA in 1M Na-PBS solution at 4.7pH.  Using chrono 

amperometry (CA), the system was held at -0.9V for 270 seconds.   

 

3.3. Results and Discussion 

3.3.1. Graphene Patterning 

Nanoimprint lithography (NIL) was employed as the primary technique to 

pattern graphene.  Traditionally NIL uses a combination of a rigid mold and a 

resist.  Under pressure and temperatures above the glass transition temperature 

of the resist, micron/nano sized structures can be created on the surface of the 

resist as it conforms to the shape of the patterns on the mold.  Changing the 

structure types is dependent on the mold used during the imprint step and the 

size of the imprinted area is limited only by the size of the mold used.  This 

flexibility in the NIL process is highly useful in graphene patterning as it 

possesses high tunability of the patterns with the generation of graphene 

patterns that could number into hundreds of thousands per imprint cycle.  The 

high-resolution patterned molds used in NIL are usually fabricated by electron 

beam lithography (EBL).18  Although EBL may be used directly to pattern 

graphene, and it has the flexibility of writing different shapes, it is a slow 

patterning process.  As a result, EBL fabricated samples are costly.  The 

synergy of using an EBL fabricated template for replication in NIL has been 

considered a more viable option for scale-up consideration.  Importantly, for 
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the current work, NIL offers the flexibility in the choice of materials that can 

be used in the process. 

In this work NIL is used as a templating instrument with the fabricated 

structures functioning as a masking template on top of graphene grown by a 

CVD process on copper foil.  CVD graphene on copper foil is chosen as it 

allows for a large pristine graphene sheet to be obtained.  However this 

method is not restrictive to CVD graphene.  

 

Figure 3.1. Process flow of imprint-patterning and transferring of graphene (a) 

1µm PMMA layer is spin coated onto the graphene layer. (b) PMMA layer is 

imprinted. (c) Patterns are etched down into the underlying graphene layer. (d) 

Another layer of PMMA is spin coated onto the surface encapsulating the 

patterned graphene sheets on copper foil. (e) Copper foil is dissolved away in 

FeCl3 solution leaving patterned graphene encapsulated in PMMA.   

 

Graphene patterning has conventionally been restricted to transferring a 

graphene sheet onto a hard substrate on which patterning would then be 

conducted.  However this restricts the substrate types that graphene patterns 

can be fabricated on.  The substrate would need to be etch-resistant and flat so 

that consistent graphene patterns are fabricated across the imprint area.  

Patterning graphene post CVD synthesis and then encapsulating the patterns in 

a PMMA layer overcomes these restrictions as all fabrication processes are 

completed before transferring.   Figure 3.1 illustrates the patterning and 

encapsulation process.  The 1st PMMA layer acts as a pattern defining as well 

(b) (a) (c) (d) (e) 
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as a protective layer.  Reactive ion etching is then employed to etch away the 

unwanted graphene, leaving behind graphene patterns in the shape of the 

silicon mold patterns.  Another layer of PMMA is then spin coated on top and 

the copper substrate dissolved in FeCl3 solution.  Allowing for this step, 

coupled with removal of the copper substrate, produces patterned graphene 

encased in a free standing PMMA layer that can be transferred onto any 

arbitrary substrate.  

It must be highlighted the ease in which the different types of graphene 

patterns can be fabricated using this method, restricted only by the initial mold 

pattern.  Patterns with straight edges, curved edges, patterns with holes within 

or a combination of these, with dimensions ranging from micron to submicron 

scales can be produced in a versatile method and on a large scale (Figures 

3.2(a-c)). 

The graphene patterns were transferred onto a silicon substrate with a 300 nm 

thick oxide layer.  The encapsulated graphene patterns were positioned face 

down onto the substrate and placed on a heater at 105 ºC for 10 minutes.  Any 

moisture between the encapsulated graphene patterns and substrate was 

removed allowing the patterned graphene to come into intimate contact with 

the substrate surface.  The PMMA was then dissolved in acetone and the 

graphene patterns preferentially remained on the substrate surface.  The 

sample was further treated in a vacuum furnace heated at 800 ºC for 1 hour to 

remove PMMA residuals that was not fully dissolved by the acetone wash.19,20 

 
  b 

c

  c

 c 

d

 

 a

 c

 c 

g
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Figure 3.2. (a-c) Silicon molds used to pattern grapheme (discs, hexagon rings, 

hexagons) (d) Optical image of 5um graphene discs patterned and transferred 

onto SiO2/Si substrate with corresponding 2D peak raman map. (e) Optical 

image of 14um sided hexagonal rings patterned and transferred onto SiO2/Si 

substrate with corresponding 2D peak raman map. (f) Atomic force 

microscopy (AFM) image of the edge of a transferred 8um hexagon graphene 

sheet (g) Fluorescence quenching of 5µm graphene discs.  (h) Scanning 

electron microscope (SEM) image of 250nm wide graphene line gratings. 

 

Raman spectroscopy was used to identify the location of the transferred 

graphene.  The Raman map of the 2D band follows a one-to-one spatial 

correlation with the optical images of the transferred graphene patterns (Figure 

3.2 (d) and (e)).  Figure 3.2(f) shows AFM imaging of the edge of an 8 µm 

hexagon graphene pattern transferred onto a SiO2/Si substrate.  The dotted red 

line indicates the ideal straight edge of the hexagon pattern.  Although there 

was some evidence of lifting and folding of graphene at the edges caused by 

inadequate contact during the transfer process, overall there is a high fidelity 

(a) (b) (c) 

(d) 

(e) 

(f) 

(g) (h) 
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in the transferred graphene patterns, which attests to the robustness of the 

patterning process.  The inset depicts the step height profile with a sharp edge 

step height of about 0.8 nm, characteristic of transferred graphene sheets.21  

The root-mean-square surface roughness of the patterned graphene was 

measured to be ~0.4 nm arising due to the differences in thermal expansion 

between graphene and the copper foil substrate it is grown upon, this caused 

slight wrinkling of the graphene surface post transfer.22,23 

Due to graphene’s semimetallic character, it possesses fluorescence quenching 

properties.24  This property can be exploited to spatially locate graphene 

domains when a dye is applied.  100 nm thick fluorescein/PMMA/ethanol 

solution was spin coated onto a substrate that had 5 µm graphene disks 

transferred onto the surface.  Figure 3.2(g) shows the 5 µm disks appearing 

darker compared to the surroundings, which evidenced the presence of 

graphene.  Figure 3.2(h) shows graphene submicron line grating patterns of 

250nm in width patterned and transferred onto SiO2/Si substrate.  The images 

in Figure 3.2(d) and (e) depict graphene patterns with high fidelity that were 

fabricated with high throughputs per imprint step.  Figure 3.3 shows various 

graphene patterns with corresponding, 2D peak mapping and G and 2D band 

peaks of graphene being seen at 1580 and 2700 cm-1 respectively,25,26 in all 

patterned arrays. 

 

 



54 
 

 

Figure 3.3. (Left to Right) Graphene Patterns: Optical Image, 2D peak Raman 

Map, Raman Spectroscopy of graphene areas showing strong G and 2D peaks. 

(a) 10 um discs with 30 um pitch separation (b) 10 um discs with 10 um 

separation (c) 8 um sided hexagons (d) 5 um discs (e) Hexagon Rings. 

 

3.3.2. Graphene Microelectrode Array 

The imprint process was adapted to fabricate a GMEA (Figure 3.4) using a 10% 

w/w solution of poly vinyl alcohol (PVA) as the resist pattern layer.  In this 

(c) 

(a) 

(b) 

(c) 

(d) 

(e) 



55 
 

process PVA and PMMA were selected because of their different solubility 

properties.  Once patterned and etched, the PVA layer was readily dissolved in 

water to expose the underlying graphene active site.   

 

Figure 3.4. Work flow of Graphene microelectrode array fabrication (a) 

ITO/glass substrate is cleaned. (b) CVD graphene is transferred onto 

ITO/glass substrate. (c) 10% w/w PVA layer is spincoated over the graphene. 

(d) PVA is imprinted. (e) Reactive ion etching is employed to etch the 

graphene layer but leave a residual PVA protective layer. (f) A 1 um thick 

PMMA layer is spincoated over the patterned PVA layer. (g) The PMMA is 

etched to expose the underlying PVA patterns. (h) The device is placed into a 

60 oC deionized water bath to dissolve the PVA and expose the underlying 

active graphene site. 

 

A microelectrode has several advantages over conventional electrode sensors 

being capable of functioning in highly resistive environments, possessing 

higher detection sensitivity for trace analytes, exhibiting very little capacitance 

and solution resistance effects, and having high mass transport rates.  

Furthermore, once a microelectrode is fashioned into an array assembly, an 

(a) (b) (c) 

(d) (e) (f) 

(g) (h) 
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amplification effect of the signal is created which allows for even lower 

detection limits.27,28  Being able to incorporate graphene into the active sites 

where electrochemical interaction occurs between the analyte and the device 

further enhances the sensors performance as graphene possesses a wide 

electrochemical window,  strong affinity to single strand nucleic acids and 

chemical stability.29,30 

Figure 3.5(a) and (b) show the images of the patterned GMEA.  10 µm discs 

with 60 µm hole-to-hole separation were used to reduce the overlap of 

diffusion hemispheres during CV characterization.  This was necessary for the 

GMEA device to exhibit microelectrode behavior identifiable by a sigmoidal 

response in the CV shape.  It should be noted that as with the patterning 

process, the ability to tailor the shape, size and hole to hole separation of the 

active areas of the GMEA was carried out by changing the original silicon 

mold used to pattern the sacrificial layer. 

The performance of the GMEAs were characterized using CV with 2.5 mM 

Ruthenium Hexamine (III) Chloride as the redox agent. Figure 3.5(c) depicts 

sigmoidal responses at small scan rates, which was evidence of microelectrode 

array behavior.  As scan rates increased, the redox peaks became much more 

prominent.  This was due to microelectrodes tending towards a mixture of 

planar and radial diffusion at the individual active sites resulting in peak-like 

responses.31  The peak currents were correlated to the square root of the scan 

rate and found to be linear, correlating to a diffusion limited behavior. 

Figure 3.5(d) shows anodic oxidation of 20 mM hydrogen peroxide (H2O2) 

that was carried out on the GMEA and an ITOMEA without graphene using 
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CV in 1 mM PBS solution.  The GMEA device displayed superior catalytic 

properties towards H2O2 as compared to the ITOMEA, displaying an anodic 

current 20 times stronger than an ITOMEA without graphene as the active site.  

The oxidation peak was recorded at 0.4 V and reduction peak at -0.1 V 

consistent with previous findings.24  The device demonstrated a linear working 

range of 0.01 mM to 25 mM with a sensitivity of 8.8 mA mol-1.  Although this 

figure was lower than other reported values, it must be noted that the active 

area was significantly smaller than other reported graphene sensors24 and H2O2 

was detected without any mediating reagents or modification of the graphene 

surface.32,33      

  

Figure 3.5. (a) SEM image of the GMEA. (b) AFM imaging of one circular 

GMEA disk. Inset profile shows step height due to 250 nm thick PMMA 

passivation layer. (c) CV of GMEA showing sigmoidal behavior at low scan 

rates and increasing peak-shaped behavior at high scan rates. (d) CV of H2O2 

sensitivity, compared to a microelectrode array with no graphene.  

 

(a) (b) 
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The GMEA device can be applied for the dynamic sensing of cancerous cells.  

Early determination of cancer cells is a crucial step for successful oncological 

treatment.  MCF-7 breast cancer cells were grown on the GMEA device after 

which Phorbol 12-myristate 13-acetate (PMA) was used to stimulate the MCF-

7 cells to generate H2O2.
34  A low seeding density of 3000 cells per cm-2 was 

used (Figure 3.6(a)).  Figure 3.6(b) shows CA of the GMEA device analyzing 

the presence of peroxidise excreted by the breast cancer cells.  Each current 

spike corresponded to the moment when PMA was introduced into the system, 

indicating a release of H2O2 molecules by the cancer cells that then catalyze at 

the graphene active sites.  Once the H2O2 at the active sites were fully 

consumed, the current returned to a stable level.  Approximately 100 µl of 0.5 

ug/ml of PMA was injected each time to stimulate the cells to produce H2O2.  

Upon injection, the signal spiked instantaneously.  A control test performed on 

a second device that did not have any MCF-7 cells showed no response, thus 

eliminating the possibility of current peaks from the PMA itself.  In addition, 

the cells on the GMEA device were killed by washing with 0.5 M of 

potassium hydroxide, and the sensing experiment was repeated. No peak 

signals were observed upon injection of PMA. The electrochemical sensing 

results therefore demonstrate clearly that the GMEA have exposed surfaces 

with active electrochemical activity and was not passivated by residual organic 

resists.  Also the GMEA device shows promise in real world sensing 

applications.  Further optimization and modification of the graphene active 

sites would allow for a wider range of chemicals to be detected and increase in 

sensitivities and detection limits. 
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Figure 3.6. (a) Optical image of MCF-7 breast cancer cells grown on the 

surface of the GMEA. (b) CA of GMEA device.  CA spikes corresponding to 

the release of peroxidase from cancer cells upon injection of PMA. 

 

3.4. Conclusions   

A high fidelity method of transferring patterned graphene with a wide range of 

shapes and sizes onto arbitrary substrates was demonstrated.  The process was 

also adapted to fabricate periodic graphene arrays for application in MEA 

sensors.  Utilizing this process to fabricate sensors at low processing 

temperatures and pressures that displayed real world applications, the 

prototype sensor was able to detect H2O2 excreted from breast cancer cells.   

Further research can be carried out to optimize the sensitivities and detection 

limits of the devices and to integrate multiple differing active sites on a single 

device where sensing of different analytes can be carried out simultaneously. 
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Chapter 4. Highly Sensitive Reduced Graphene Oxide 

Microelectrode Array Sensor  

 

 

Abstract  

Reduced graphene oxide (rGO) has been fabricated into a microelectrode array 

(MEA) using a modified nanoimprint lithography (NIL) technique.  Through a 

modified NIL process, the rGO MEA was fabricated by a self-alignment of 

conducting Indium Tin Oxide (ITO) and rGO layer without etching of the rGO 

layer.  The rGO MEA consists of an array of 10 µm circular disks and 

microelectrode signature has been found at a pitch spacing of 60 µm.  The 

rGO MEA shows a sensitivity of 1.91 nA µm-1 to dopamine (DA) without the 

use of mediators or functionalization of the reduced graphene oxide (rGO) 

active layer.  The performance of rGO MEA remains stable when tested under 

highly resistive media using a continuous flow set up, as well as when 

subjecting it to mechanical stress.. The successful demonstration of NIL for 

fabricating rGO microelectrodes on flexible substrate presents a route for the 

large scale fabrication of highly sensitive, flexible and thin biosensing 

platform. 
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4.1. Introduction 

A microelectrode has many advantages which include enhanced signal to 

noise ratios, increased mass diffusion, ease of miniaturization and operation in 

highly resistive media.1,2  However one of the disadvantages of reducing 

electrode sizes to sub-millimeter length scales is the reduced signals associated 

with the reduction in active area, where the current levels are reduced to nano 

and pico amp ranges.  A commonly reported approach to enhance the  signals 

is to functionalize the active layer with nanoparticles.3,4 Another method is to 

fabricate the sensor device into an array to allow an increase in total effective 

active area, thereby increasing the sensitivity of the sensor.1  In such an 

approach, the spacing between each microelectrode should be optimized so 

that the boundary layer of each microelectrode where concentration of the 

analyte differs from the concentration in bulk solution, also known as a 

diffusion hemisphere, do not overlap,5 as the latter occurrence will 

compromise the fast radial diffusion characteristics of an MEA.6,7   

In sensors, besides the electrode, the other critical component is the material 

that allows electrochemical reactions to occur – the active layer.  

Conventionally, gold, platinum and silver metals have been the predominant 

material used since the active layer needs to be electrically conductive.8–12  

However there are other emerging organic electro-active materials such as 

poly(ethylenedioxythiophene), glassy carbon electrodes, carbon nanotubes, 

graphene, and reduced graphene oxide (rGO).13–17  These materials are 

generally lower in cost to use and potentially allow for more useful fabrication 

techniques in contrast to conventional metal sputtering/lithography methods, 

generating research interest in utilizing them in electrochemical applications.18 
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There are several advantages of using rGO as an active layer in sensing 

applications.  rGO is prepared by the chemical or thermal reduction of GO.  

Following the reduction process, oxygen atoms are partially removed from the 

surface and the sp2 conjugation is recovered to some extent, thus allowing the 

rGO layer to be electrically conductive.19  When used as an electrode, rGO can 

oxidize or reduce the target analyte depending on the analytes formal potential.    

rGO is has a large electrochemical potential window, easily solution 

processable, has oxygen moieties strewn across its carbon lattice that allow 

electrochemical reactions to take place. These attributes have been extensively 

covered in literature.20–25  Most previous studies focused on planar, 

macroscopic electrodes made of drop-casted or spin-coated rGO multilayer 

films onto pre-fabricated electrode platforms such as a glassy carbon electrode 

(GCE).26,27 The solution processable nature of rGO allows it to be readily 

functionalized, creating an active material that can be highly tuned to specific 

analytes ranging from proteins, DNA and enzymes.  Further in-depth reading 

into the detection properties of rGO has been published in the review article 

by Wu et al.28  However, addressing the problems of MEA fabrication of thin 

film active layers on rGO has been scarce due to the difficulties in integrating 

these into MEA configurations.  One method to increase the currents is to 

fabricate the microelectrodes into an array format.  In an array configuration 

with multiple microelectrode openings, these active layers work in parallel to 

increase the overall current in the sensor.  However conventional 

microelectrode array fabrication  methods have been developed mainly for 

thick metal active layers,29 and the fabrication challenges for rGO MEAs arise 
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from the difficulty in controlling the depth of etching for thin 2-D materials 

like rGO.   

Li. F. et al previously reported a rGO MEA based on coating a substrate with a 

GO layer and using hydrazine filled polydimethylsiloxane (PDMS) wells to 

generate a spatial array of electrochemically active rGO disks.  However one 

drawback with this method is that the initially insulating GO layer becomes 

electrochemically active due to inevitable electrochemical reduction during 

actual usage, which will lead to a loss of well-defined electrochemically active 

areas on the surface.30  He. Q. et al reported patterning micron-size wide bands 

of GO using capillary actions through a PDMS stamp followed by its chemical 

reduction.31  However, this method is limited in terms of the shape and size of 

the rGO layers. 

NIL is a method to create micro to nano scale surface patterns using thermal or 

UV curable resists.  It is a mechanical replication process where the negative 

of the relief structure on a mold (typically Si or quartz) is transferred to a resist 

either at elevated temperature or under the exposure of UV radiation.  The 

pattern resolution in NIL is governed primarily by the pattern resolution of the 

mold, and the imprint fidelity is mainly dependent on material properties and 

process optimization.  NIL allows patterning of surfaces on a large scale with 

the patterned area only limited by the size of the mold.  Most importantly, NIL 

is a versatile lithographic technique where various resists materials can be 

used and the imprint process window is tuneable according to the material 

properties.  NIL presents a suitable fabrication method to create micro-array 

patterns.32,33  Through a process modification, it was recently reported the 

fabrication of size and shape tunable graphene and graphene oxide.20  Building 
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on the earlier process development, the fabrication of a biosensor based on 

microelectrode array of rGO was reported and shows that it can function as 

highly sensitive biosensors.   
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4.2. Materials and Methods 

All chemicals were purchased at Sigma-Aldrich Co unless otherwise stated. 

4.2.1. GO Preparation 

GO was produced by adding 1.5 g of Graphite powder, 1.5 g of NaNO3 and 69 

ml H2SO4 into a conical flask and stirred in an ice bath.  9 g of KMnO4 was 

slowly added to the mixture which was cooled in the ice bath.  Solution was 

then transferred to an oil bath at 35 oC.  120 ml of deionized (DI) water was 

added to the flask.  Further stirring for 30 minutes as temperature of oil bath 

increased to 90 oC.  300ml of water was slowly added.  9 ml of H2O2 was 

added to the mixture.  The solution was then filtered and washed through with 

DI water, leaving GO powder.  The GO powder was then sonicated in DI 

water using a 500 W Fisher Scientific probe sonicator at 30% amplitude, 3 

second on/off pulse for 15 minutes. 

4.2.2. rGO MEA Device Fabrication 

10% Polyvinylalcohol (PVA) was spin coated on rGO at 3000 rpm for 30 

seconds.  An Obducat nanoimprinter was used to imprint PVA at 105 oC, 50 

bar for 10 minutes.  The imprinted PVA layer was then etched using an 

Oxford RIE using 10 sccm of O2 for 8 minutes.  1 µm thick Poly 

methylmethacrylate (PMMA) from Microresist Technology was then spin 

coated on top of the patterned and etched PVA layer at 3000 rpm for 30 

seconds.  The PMMA layer was then etched in an Oxford RIE using 10 sccm 

of O2 for 5 minutes.  The exposed PVA layer was then dissolved in DI water 

for 2 hours. 
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4.2.3. Electrochemical Reduction of GO 

After spincoating GO onto the an Indium Tin Oxide/Polyethylene 

Terephthalate (ITO/PET), the GO layer was reduced by immersing the 

GO/ITO/PET substrate in 0.1 M Sodium phosphate buffer saline (Na-PBS) 

solution pH 4.5.  The device was then held at -0.9 V for 3 minutes.  XPS data 

was then carried out on GO and rGO samples to determine the difference in 

oxygen ratios after reduction (Appendix A). 

4.2.4. Electrochemical Experiments 

Cyclic Voltammetry (CV), Differential Pulse Voltammetry (DPV) and 

Chronoamperometry (CA) were carried out using an Autolab potentiostat with 

a 3 electrode setup.  A platinum mesh was used as the counter electrode and 

Ag/AgCl was used as the reference electrode..  Ruthenium (III) hexamine in 

0.1 M KCl solution was used as the redox couple during CV. 

DPV was conducted in 0.1 M Na-PBS (pH 7.4) solution with settings of 5 mV 

step potential, 25 mV modulation amplitude and 0.5 s interval time. 

CA was conducted in 0.1 M Na-PBS (pH 7.4) solution with a constant 

potential of 0.5 V and 0.14 V and data acquisition of 0.05 s intervals for the 

interference experiment.  

4.2.5. Microfluidic Device Fabrication 
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The microfluidic device has a width of 500 µm and a height of 100 µm and 

was designed using CAD software. The design was then fabricated in PDMS 

polymer (Sylgard 184, Dow Corning, USA) based on soft lithographic 

technique. In brief, the patterned SU-8-based silicon master was first silanized 

with trichloro(1H, 1H, 2H, 2H-perfluorooctyl)silane. Next, the PDMS pre-

polymer was mixed with the curing agent, poured onto the silanized silicon 

wafer in a ratio of 10:1 (w/w) and subsequently cured at 80 oC for 2 hours. 

Holes of 1.5 mm were cored for fluidic inlets and outlets. Finally, the PDMS 

mold was bonded to microscopic glass slide, with the rGO MEA sandwiched 

in between, using a homemade physical clamp. 

 

4.3. Results and Discussion 

4.3.1. rGO MEA Device Fabrication 

In an earlier report, a sacrificial dual-resist NIL technique was developed to 

pattern chemical vapor deposited (CVD) graphene and graphene oxide.20  This 

technique allows us to pattern the molecular-thin graphene and graphene-

oxide without needing an etching step, hence it offers the advantage of 

preserving the quality of the CVD grown graphene.  Based on the same 

working principle, the NIL technique is used in this work as it further offers 

the advantage in the ease of tuning the microelectrode geometry and array 

density.  One can tune the microelectrode pitch sizes to create a pattern array 

geometry that exhibits microelectrode behavior while maximizing the number 

of microelectrode openings. 
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Figure 4.1. (a) PVA is spin coated onto electrochemically reduced graphene 

oxide (rGO). (b) PVA layer is patterned into a pillar array through NIL. (c) 

Patterned PVA layer is etched down to remove unwanted rGO, leaving PVA 

pillars protecting the rGO active layer array. (d) PMMA layer is spin-coated 

on top of the patterned and etched PVA layer. (e) PMMA layer etched to 

expose PVA layer. (f) PVA layer is dissolved in DI water to reveal underlying 

rGO active layer. The final product consists of exposed rGO disk array 

surrounded by PMMA, the latter passivates the unexposed area from the 

electrolyte. 

 

Figure 4.1 shows the fabrication process for the rGO MEAs.  GO is spin 

coated onto ITO/PET substrate and electrochemically reduced using 0.1 M 

Na-PBS pH4.5 at -0.9 V for 3 minutes.  GO is an insulating material, due to 

the oxidation process disrupting the sp2 network.  GO can be readily reduced 

using electrochemical reduction. This results in a partial recovery of the π 

conjugation that is needed for electrical conduction.19,34  A layer of PVA is 

then spin coated on top of the rGO layer (Figure 4.1(a)) and imprinted to 

create pillars of 10 µm in diameter over the surface of the rGO (Figure 4.1(b)).  

The patterned PVA layer functions as a sacrificial layer during the etching step, 

affording protection to the rGO layer below the pillars (Figure 4.1(c)).  A layer 

of PMMA is then spin coated on top of the patterned PVA layer to act as the 

insulating barrier between the ITO and the electrolyte (Figure 4.1(d)).  This 

step effectively eliminates the need to align the ITO with the rGO pattern 
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array.  Using two resists of differing soluble properties thus allows for a self-

aligning mechanism to insulate the underlying ITO. 

Figure 4.2. (a) Schematic of diffusion hemisphere overlapping when 

microelectrodes are fabricated in close proximity and no overlapping of 

diffusion hemispheres when microelectrodes are fabricated at pitch distances 

greater than twice the radius of the diffusion hemisphere. (b) CV data with 

increasing scan rate, using a 0.25 cm2 rGO macroelectrode. (c) CV data of 

rGO MEA with 30 µm pitch spacing. (d) CV data of rGO MEA with 60 µm 

pitch spacing. (e) SEM image of rGO layer inside an exposed microelectrode. 

 

The fabricated rGO MEA consists of an array of 10 µm disks separated by 

various pitch spacing.  CV characterization was done using 2.5 mM ruthenium 
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hexamine as the redox probe to determine the minimum pitch spacing between 

the individual microelectrodes which allows microelectrode behavior.  Figure 

4.2(a) shows the schematic of how the MEA geometry can affect the overlap 

of diffusion hemispheres and cause the device to function as a macroelectrode 

instead of a microelectrode.  Pitch distances between microelectrodes are 

required to be greater than two times the radius of the diffusion hemisphere in 

order for the diffusion layers to be non-overlapping.  Using an equation to 

determine the diffusion layer thickness,7 diffusion hemisphere radius was 

calculated to be approximately 27 µm at a scan rate of 10 mV/s.  Figure 4.2(b) 

shows a rGO macroelectrode with classical peak shaped CV behavior; as can 

be seen in Figures 4.2(c) and 4.2(d), when the pitch spacing is increased from 

30 to 60 µm, the depletion zone in the CV reduces and a classic sigmoidal 

shaped CV emerges as the sensors transit from macroelectrode to 

microelectrode behavior.  At a spacing of 60 µm, the diffusion hemispheres of 

the individual microelectrodes cease to overlap as evidenced by the sigmoidal 

CV shape in Figure 4.2(d).  This agrees with the calculation of the diffusion 

hemisphere radius being 27 µm.  As long as the geometry for the rGO MEA 

has a pitch spacing larger than twice the diffusion layer radius, the device 

would operate in a microelectrode array regime.  Subsequently all rGO MEAs 

were fabricated using 60 µm pitch spacings.  Figure 4.2(e) shows an SEM 

image of the rGO active layer within a microelectrode as evidenced by the 

slight wrinkles that is characteristic of rGO.   The image shows that rGO 

flakes remain stable within the microelectrode openings with no signs of lift 

off or peeling during electrochemical analysis. 
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4.3.2. rGO MEA Characterization 

 

Figure 4.3. (a) Comparison of rGO MEA and Au microelectrode. Inset shows 

surface of rGO MEA with 10 µm microelectrode holes. (b) CA of Au 

microelectrode towards 100 µM injections of DA.  Top inset shows image of 

gold active layer, bottom inset shows calibration graph. (c)  CA of rGO MEA 

towards 20 µM injections of DA.  Top inset shows single microelectrode and 

bottom inset shows calibration graph. (d) Simultaneous detection of DA and 

Tyrosine (Tyro) using DPV. 

 

The electrochemical performance of a commercially available gold 

microelectrode (Metrohm) (Figure 4.3(a)) was compared to the rGO MEA 

device, using DA as the analyte.  Irregular concentrations of DA, a 

neurotransmitter, is related to  Parkinson’s disease and attention deficit 

hyperactivity disorder and have been linked to other nervous system related 

diseases.35–37  DA has been extensively reported to be electrochemically active 

towards metal and carbon based sensors including rGO.38–45  At a potential of 

0.14 V, DA undergoes a  two electron-oxidation process, (one electron from 

each of its hydroxyl groups)46 to the resulting in an anodic current that is 
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proportional to the concentration of DA in solution.  Figure 4.3(b) shows CA 

response of the gold microelectrode towards 100 µM additions of DA, the 

gold microelectrode had a sensitivity of 0.001 nA µM-1 and a limit of 

detection of 3.6 µM (signal to noise ratio of 3).  Figure 4.3(c) shows the CA 

response of the rGO MEA device towards addition of DA (20 µM).  The rGO 

MEA device displays a sensitivity of 1.91 nA µM-1 with a detection limit of 

0.26 µM (signal-to-noise ratio of 3).  Normalising the sensitivities to account 

for the size of the active area gives 1.27 x 10-5 and 1.12 x 10-4 nA μM-1 μm-2 

for the gold microelectrode and rGO MEA respectively. This is an increase of 

nearly an order of magnitude for  rGO MEA. 

The higher current signal in rGO MEA compared to gold microelectrode 

arises from the larger diffusion flux that is associated with the radial diffusion 

profile at its individual microelectrodes.47  Using the CA data the sensitivity of 

the rGO MEA device was determined and compared with other graphene-

based devices.  From Table 4.1, it can be seen that the rGO MEA devices 

sensitivity is greater than other graphene based devices reported in the 

literature.  It is also noted that the size of the active area is significantly 

smaller in our rGO MEA devices, and that no functionalization of the rGO 

layer has been performed, thus attesting to the fact that inherent sensitivity can 

be maintained even when the size is scaled down due to the enhanced 

diffusion flux of analytes in MEA geometry. 
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Sensor Type 
Sensitivity (nA 

µM-1) 

Active Area 

(mm2) 
Ref. 

Glassy Carbon 

Electrode (GCE) 

with Copper 

Chloride Complex 

2.02 7.1 120
 

Ferrocene bound 

Nafion Membrane 

Electrode 

1.1 7.1 121
 

rGO with Gold 

Nanoparticles 
0.0627 7.1 122

 

GCE with Carbon 

nanotubes/Chitosan 

Composite 

0.328 7.1 62
 

Gold Microelectrode 0.001 0.0000785 This work. 

rGOMEA 1.91 0.017 This work. 

Table 4.1. Comparison of sensitivities of electrodes towards DA detection 

 

Figure 4.3(d) shows simultaneous detection of Tyro and DA using DPV.  Tyro 

is an amino precursor building block for DA.  Simultaneous detection of DA 

and Tyro under physiological conditions could be potentially useful for 

diagnosis and health monitoring.  It was noticed that the oxidation potential of 

Tyro at 0.59 V as recorded on rGO MEA is lower than the values obtained by 

previously reported graphene-based Tyro detection methods.24,52  The 

regression equations of the peak DPV currents was i(nA) = 12.7DAc (µM) + 

75.2 and was i(nA) = 12.7Tyroc (µM) + 7.9.  This shows the sensitivity of the 

rGO MEA devices towards DA and Tyro is 12.7 and 0.34 nA µM-1, with a 
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detection limit of 0.1 µM and 3.7 µM (signal to noise ratio of 3), respectively.  

The rGO MEA was also used to detect hydrogen peroxide (Figure 4.4), where 

the device displays a sensitivity of 2.35 nA µM-1 with a detection limit of 0.35 

µM (signal to noise ratio of 3).  

 

Figure 4.4. CA graph of hydrogen peroxide. 3 x 10 µM H2O2 injected 

followed by 8 x 50 µM injections.  Inset calibration graph. 

 

In physiological fluids, the solution conductivity is often low, thus it is 

important for a biosensor to retain its established electrocatalytic 

characteristics (sensitivities, point of oxidation/reduction) in these media.  A 

0.25 cm2 rGO macroelectrode and rGO MEA device were comparatively 

tested using ruthenium hexamine as the redox analyte in 0.1M KCl and 

deionized water, the latter have conductivity of 12.9 mS cm-1 and 55 nS cm-1, 

respectively.53,54  As can be seen in Figure 4.5, the performance of the rGO 

MEA was largely unaffected in deionized water environments, the redox 



78 
 

peaks for ruthenium hexamine occurs at -0.1V and -0.2V, respectively.   As 

scan rates increase, the peak-to-peak separation remains constant.  This is due 

to the low ohmic drop associated with microelectrodes.55  In contrast, 

macroelectrodes experience ohmic drop in solutions of low conductivity as the 

potential at the active layer of a macrolectrode lags the applied potential, this 

can cause significant inaccuracies in analyte detection since larger voltage 

sweep ranges need to be applied to account for the ohmic drop.  Ohmic drop 

can be clearly seen in the increasing peak-to-peak separation distances in 

Figure 4.5(c) for the rGO macroelectrode in DI water.  The peak-to-peak 

separation increases from 300 mV at 10 mV s-1 scan rate to 500 mV at a scan 

rate of 100 mV s-1, which indicates extremely sluggish kinetics.  In contrast, 

the peak-to-peak separation remains constant in rGO MEA with scan rate, thus 

the advantage of rGO MEAs is that it can operate robustly in electrolytes 

having conductivity differences of nearly 6 orders of magnitude. 
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Figure 4.5. (a) CV of rGO macroelectrode in 0.1M KCl solution. (b) CV of 

rGO MEA in 0.1M KCl solution. (c) CV of rGO macroelectrode in DI water. 

(d) CV of rGO MEA in DI Water. 

 

4.3.3. Microfluidic Integration 

 

Figure 4.6. (a) Image of the rGO MEA device in the microfluidic system. (b) 

Steady state currents for differing concentrations of DA pumping through the 

microfluidic channel. (c) Example of CA response to the flowing of 25 µM 

DA and flushing with pure Na-PBS.  

 

It has been reported that the operation of MEAs are relatively independent of 

solution flows.56  The flat planar shape of the rGO MEA devices allows it to 

be readily integrated into a simple microfluidic system (Figure 4.6(a)) with a 

channel width of 500 µm and height of 100 µm. Solutions of 0.1M Na-PBS 

with differing concentrations of DA from 5 to 50 µM were injected into the 

channel and Figure 4.6(b) shows the steady state current response using CA.  

Figure 4.6(c) shows the signal response when DA flows through the system.  
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Flowing pure Na-PBS through the channel gave a steady state current of 

approximately 10 nA.  Once a 25 μM DA stock solution flowed through the 

system, the steady state current increased to a value of 230 nA.  After each run, 

the channel was flushed with pure NA-PBS solution.  The red line depicts the 

signal returning to the baseline current once DA was flushed out.  The highly 

reproducible flow sensing shows successful integration of the rGO MEA into 

a microfluidic system. 

 

4.3.4. rGO MEA Cleaning 

Fouling by biological solution is a common problem with biosensors.  When 

increasing concentrations of AA was added, the DPV peak shifted to higher 

onset potentials and the anodic current decreased, which is evidence of surface 

fouling.  The device could be readily cleaned in 0.1M Na-PBS by holding it at 

0.6V for 3 minutes.  At this potential the AA fouling was removed as AA was 

oxidized to L-dihydroascorbic acid which readily diffused away from the 

electroactive regions.  (Figure 4.7) depicts the response of the cleaned device 

showing a similar response towards DA as compared to the pristine device 

before fouling..  This shows that the surface of the rGO electrode is relatively 

inert and only weak non-covalent bonding exists between biomolecules and 

the electrode surface. 
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Figure 4.7.  DPV spectra of rGO MEA device showing fouling caused by AA 

and after cleaning at 0.6 V in 0.1 M Na-PBS solution for 3 minutes the fouling 

is removed and the device performance is unchanged 

 

4.3.5. Device Flexibility Characterization 

 

Figure 4.8. (a) rGO MEA device cut from ITO/PET substrate where it is 

fabricated on. (b) Comparison of rGO MEA performance towards DA when 

flexed at different radius of curvatures. (c) Flex tests of rGO MEA device over 

a span of 4 weeks, showing no change in device performance. (d) CA response 

graphs of rGO MEA device to AA at 0.5V (top) and DA in the presence of 

AA at 0.14V (bottom).  At this potential the device shows selective response 

to DA. 
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The NIL fabrication process allows the microelectrode array to be fabricated 

across a large area on flexible substrates, after which any arbitrary size and 

shape of the devices active area can be cut from the original piece, this allows 

precise tailoring of the device dimensions to fit any given environment (Figure 

4.8(a)).  The mechanical flexibility of rGO is promising for flexible 

electronics.57  The device performance in a flexed state towards DA detection 

was measured and compared to the performance in an unflexed state.  The 

rGO MEA devices were mounted onto surfaces with radius of curvatures of 14 

mm and 6 mm.  The CA calibration graphs in Figure 4.8(b) shows negligible 

change in the device response to DA concentrations at increasing flex angles.  

The reliability of the sensor was tested using multiple sample runs (>15) of 10 

µM DA injections and calculated the relative standard deviation to be 4.7%, 

which indicates good reliability .48,58  In order to investigate if the rGO MEA 

remains operational when mechanically flexed, the rGO MEA was mounted 

on a curved surface of 6 mm radius of curvature (inset of Figure 4.8(b)) for an 

extended period of time.  It was found that highly reproducible and stable 

current signals towards DA could be obtained from the device even after 

keeping the MEA in a continuous flexed state for 4 weeks (Figure 4.8(c)), 

showing that rGO is a suitable as an active layer for flexible sensor.  This is 

attributed to the superior mechanical stability of rGO. 

 

4.3.6. rGO MEA Selective Sensing 
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The rGO MEA electrode can also be operated in selective sensing mode. 

Figure 4.8(d) shows detection of DA with AA as an interferant.  DA and AA 

have similar oxidizing potentials and could not be differentiated using DPV. 

However tuning the CA potential allows the selective detection of DA over 

AA.  DA is more readily oxidized at the rGO surface due to its higher affinity 

to rGO arising from π-π stacking, as compared to AA which contains a 

pentene ring in its molecular structure.59  The top CA graph in Figure 4.8(d) 

shows the detection of AA by the device at higher voltages (0.5V).  The 

bottom CA graph shows consecutive DA and AA injection into the system at a 

voltage that allows for DA oxidation but not AA (0.14 V).  As shown, the 

current increases (70 nA) only when DA is injected into the system whereas 

the increase in current when AA is injected is negligible (2 nA).  Uric acid 

(UA) is also a common interferant however oxidation of UA only occurs at a 

higher potential (0.28 V) (Figure 4.9) in this case and therefore does not have 

any effect on DA detection when operated at a lowered potential of 0.14 V. 
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Figure 4.9. URIC acid DPV of DA and UA.  DA oxidizes at 0.15 V while 

UA oxidizes at a higher potential of 0.28 V. 

 

4.4. Conclusion 

A microelectrode array sensor based on rGO has been successfully fabricated 

using NIL.  The rGO MEA exhibits sigmoidal-shaped cyclic voltammetric 

response and high signal-to-noise ratio in the sensing of bioanalytes such as 

DA, Tyro and hydrogen peroxide. In the CA detection mode, rGO MEA 

exhibits a sensitivity of 1.91 nA µM-1 with a detection limit of 0.26 µM for 

DA and sensitivities of 2.3 nA µM-1 with a detection limit of 0.35 µM for 

hydrogen peroxide. Simultaneous detection of DA and Tyro using DPV 

yielded sensitivities of 12.7 and 0.34 nA µM-1, with  detection limits of 0.1 

and 3.7 µM for DA and Tyro, respectively.  The performance of the rGO 

MEAs is significantly higher than other macroscopic graphene electrodes in 

terms of sensitivity and tolerance for low conductivity electrolyte.  Sensitivity 

was unaffected under a continuous flow condition when the rGO MEA was 

incorporated in a microfluidic device.  Observing the rGO MEA being able to 

oxidise DA, UA and Tyro at differing potentials (0.14, 0.28 and 0.59 

respectively) allows the possibility of an MEA device that can detect these 

three analytes simultaneously. Furthermore, the sensor shows remarkable 

mechanical stability and can be operated for an extended period of time in a 

flexed state.  
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Chapter 5. Reduced graphene oxide microelectrode array 

design optimization 

 

 

Abstract 

Microelectrode array (MEA) design requires a balance between including as 

many active microelectrodes on the device to increase signal output without 

their respective diffusion hemispheres overlapping.  If overlap occurs, the 

MEA can revert back to macroelectrode behavior, compromising the 

advantageous MEA characteristics of higher signal to noise ratios, operation in 

highly resistive media, lower limits of detection and greater signal stability in 

flowing environments.  Therefore, determining the optimum density of an 

MEA is crucial to its performance.  In this chapter the optimum interelectrode 

spacing for reduced graphene oxide based microelectrode arrays (rGO MEA) 

was investigated at a slow scan rate of 5 mV/s with 9 µm and 10 µm diameter 

microelectrodes.  The optimum separation distance was found to be 15.7 times 

the radius of the microelectrode to allow the device to operate in an MEA 

regime.   
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5.1. Introduction 

Microelectrodes have been extensively reported to have superior detection and 

performance characteristics over conventional macroelectrodes.  Observed 

properties such as higher diffusion flux, greater signal to noise ratios, lower 

detection limits, operation in highly resistive media, greater signal stability in 

flowing environments and smaller footprint sizes allowing microelectrodes to 

be used in small environments have generated much interest in microelectrode 

sensors.1–5 

However, a significant problem when using microelectrodes, are signals 

detected falling within the micro to nanoamp range.  Faradaic currents created 

by electron transfer from and to the target analyte is related to the size of the 

active layer at which these reactions can occur.2  As the active area of 

microelectrodes are small; this results in proportionally small currents.  These 

small currents are susceptible to interference and can be dominated by the 

inherent system noise, requiring expensive noise filtering instruments to 

operate the microelectrode with accuracy and precision.1   

The alternative to decreasing the interference is to increase the current output.  

The predominant method to increase these signal currents is to fabricate the 

microelectrode into an array configuration.  In an MEA, multiple 

microelectrodes on the same device act in parallel to generate a current that is 

equal to the sum of the number of microelectrodes in the array, resulting in 

higher current outputs while still retaining the advantageous characteristics of 

a microelectrode.6,7 
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However, considerations need to be taken into account when designing the 

location of the individual microelectrode active areas relative to each other.  

Although intuitively it would seem optimal to fabricate as many 

microelectrodes on the surface as possible, there is a limit to the 

microelectrode density in an array if microelectrode behavior is desired.   

Conventional electrodes have a planar diffusion layer that grows with time, 

perpendicular to the electrode surface.  This is caused by the analyte 

concentration gradient that is approximately zero at the surface of the 

electroactive layer and increases towards the bulk concentration as the 

distance increases from the working electrode surface.8,9  The presence of the 

concentration gradient induces diffusion of the analyte material from the bulk 

solution towards the region of lower concentration (electrode surface).  This 

diffusion process is described by Fick’s Law and is always linear.5,10  This 

results in the characteristic peak shaped cyclic voltammograms that has been 

explained in section 1.4.1 of the introduction chapter. 

When using a microelectrode, the diffusion layer takes on a different form.  As 

the electroactive area has dimensions in the micron scale, diffusion of the 

analyte from the sides becomes possible, whereas in a macroelectrode, the 

diffusion from the edge of the electrode is negligible when compared to the 

area of the working surface.  This results in microelectrode diffusion layers 

that take on a hemispherical shape.1  This hemispherical shape allows for a 

greater flux of analyte towards the electroactive layer whereby diffusion of the 

analyte and electron transfer are in equilibrium.  Consequently the cyclic 

voltammetry (CV) spectra of a microelectrode takes on a sigmoidal shape 

where a steady state current is reached as opposed to the formation of 
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depletion zones.5  CV can therefore be used to determine when a device is 

behaving as an MEA.  If there is a depletion zone, this means the diffusion 

hemispheres are overlapping, which would require an increase in 

interelectrode spacing. 

Both planar and hemispherical diffusion layer sizes are affected by the 

diffusion coefficient of the analyte and the scan speed used.  Slow scan rates 

allow for more time for the diffusion layer to increase in radius, resulting in 

larger diffusion hemispheres.  Conversely faster scan rates results in smaller 

diffusion hemispheres.11 

Since the side diffusion of analytes towards a microelectrode is critical to its 

performance, overlapping of the hemispheres in a microelectrode array must 

be avoided.  Therein lies a significant problem with MEA fabrication.   

There have been many reports about MEA geometries that take into account 

hexagonal or square lattice MEA arrangements, and co planar and shallow 

recessed MEAs.13,14  The authors fitted their theoretical simulations to 

experimental data and found to them be in reasonable agreement within the 

papers themselves.  However, many of these reports do not agree with each 

other and the concluding minimum interelectrode distance for metal based 

MEA behavior to occur varies between papers.   

For example, Horne et al. determined that interelectrode spacing could be 

loosely bound by the size of the electrode and should be 20 times greater than 

the radius of the microelectrode.13  Other groups such as Compton et al. 

proposed that the minimum distance for MEA behavior can be determined by 

the use of the scan rate, the electron transfer properties of the electroactive 
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material and the diffusion coefficient of the analyte.15  Further, Aoki et al. 

proposed a formula to take into account the size of the microelectrode, scan 

speed, electron transfer properties and diffusion coefficient of the analyte.1  

Another group Guo et al. proposed a formula that relied only on the size of the 

microelectrode and the recessed depth.14  Using the formulae found in the 

above reports, coupled with the experimental data within this chapter of the 

scan speed used, diffusion coefficient of ruthenium (III) hexamine 

concentration, transfer kinetics and microelectrode size, the minimum 

distances according to these respective formulae can be seen in Table 5.1. 

Group 
Theoretical equation for microelectrode 

separation distance 

Theoretical 

microelectrode 

separation 

distance (µm) 

Horne et 

al. 
20𝑟 100 

Compton  

et al. 
2√(2𝐷

𝛥𝐸

𝑣
) 

 
52 

Aoki et 

al. 

 
2𝑟

1

√𝜋
𝐷𝑡
2𝑟2

+ 0.97 − 1.10exp(
−9.90

ln(12.37(
𝐷𝑡
2𝑟2

)
)
 58 

Guo et al. 10.86 + 6.218exp (−
𝐿 + 0.0888

0.222
) + 9.435exp(−

𝐿 + 0.0888

0.492
) 93 

Table 5.1. Comparison of theoretical formulae and resulting values of 

minimum separation distances between microelectrodes for MEA behaviour to 

occur. r is the radius of the microelectrode (5 µm), D is the diffusion 

coefficient of the analyte (9.1 x 10-6 cm2 s-1), v is the scan rate (5 mV s-1), t is 

the time of the experiment (37 s), ΔE is the peak to peak separation (0.185 V) 

and L is the recess depth over the radius of the microelectrode (0.8/5). 

 

As can be seen, the resulting theoretical separation distances can vary widely 

and shows that current simulation techniques may be ignoring certain 
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variables that have not yet been taken into account and at best, close 

theoretical approximations have to be settled for.  Of course, it is possible to 

fabricate an MEA that has extremely large separation distances to prevent any 

chance of diffusion hemisphere overlap.  However, this would significantly 

reduce the performance of the electrode in output current as there would be 

fewer microelectrode active areas. 

As previously stated, diffusion of the analyte and electron transfer to the 

electrode determines whether a device operates in the microelectrode regime.  

The electroactive material therefore also has an effect on this window of 

microelectrode operation.  Currently to our best knowledge, all simulations 

and MEA investigations have been in regards to metal based electroactive 

layers.  No studies have been conducted on rGO MEAs.   

rGO’s electrical properties make it an ideal candidate for sensor applications 

and there is a growing research thrust to use graphene based active materials 

in electrochemical sensors.16,17  An area of graphene sensing that still has seen 

little research, is graphene in a microelectrode array format.  The reason being 

that rGO MEA fabrication has been a difficult task with conventional MEA 

fabrication techniques as described in previous chapters.   

To the best of our knowledge the only other report on graphene based MEAs 

has been by Li et al. in 2011.18  They report MEA fabrication by coating an 

indium tin oxide (ITO) substrate with GO.  GO is intrinsically insulating so 

they would selectively reduce periodic parts of the GO layer using a stamping 

technique with a polydimethylsiloxane (PDMS) well, filled with hydrazine.  

The areas of the GO layer that came into contact with the hydrazine wells 
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would be reduced, producing rGO active areas in a periodic fashion and give 

rise to MEA characteristics.   

There are several limitations with this method.  Firstly, hydrazine is a highly 

toxic substance. The stamping procedure also presents reduced areas that are 

not well defined and any accidental shift of the PDMS layer will cause 

smearing of the hydrazine and reduce a larger area of GO.  Lastly, the GO 

regions, which are at first insulating, will become active as electrochemical 

experiments are carried out, which would result in the loss of MEA 

characteristics.   

Although graphene shows good promise to be used in an MEA configuration, 

no studies have looked into the optimal microelectrode spacings for graphene-

based MEAs.  Elucidating this minimum separation distance would establish a 

guide rule for future graphene-based MEA research. 
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5.2. Materials and Methods 

5.2.1. Chemicals 

Graphene oxide solution was purchased from Graphenea Inc. 

Indium Tin Oxide/Polyethylene Terephthalate (ITO/PET) and Ruthenium (III) 

Hexamine was purchased from Sigma Aldrich Co. 

 

5.2.2. GO deposition and reduction 

2 mg/ml GO solution was spin coated onto ITO/PET at 2000 rpm for 30 

seconds.  The substrate was then immersed in 0.1 M sodium phosphate buffer 

saline (Na-PBS) solution pH 4.5.  Chronoamperometry was used and held at -

0.9V for 2 minutes to reduce the GO. 

 

5.2.3. MEA Fabrication 

An MA8 mask aligner was used with AZ 1505 as the resist type to fabricate 

the MEAs with differing electrode spacings.  AZ1505 was spin coated onto 

the substrate at 3000 rpm for 1 minute.  The sample was soft baked at 100oC 

for 1 minute.  The sample was then exposed to 15 seconds of UV light and 

then placed in a beaker of the photodeveloper at 1:1 ratio of DI water.   

The sample was agitated in the photodeveloper for 25 seconds after which it 

was rinsed with DI water and placed on a 100oC hot plate for 1 minute to dry. 
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5.2.4. Electrochemical Experiments 

A three probe setup was used for electrochemical experiments.  Cyclic 

Voltammetry (CV) was used by attaching the MEA to the working electrode, a 

platinum mesh as the counter electrode and an Ag/AgCl reference electrode 

using Ruthenium (III) hexamine as the redox probe. 
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5.3. Results and Discussion 

5.3.1. MEA Characterization 

Two series of rGO MEAs were fabricated to determine the optimum 

separation distances. 

According to the equation found in the work of Aoki et al. the ratio of the 

electrode separation distance (Ed) to the radius of the microelectrode (Er) 

would change depending on the size of the microelectrode (Figure 5.1).  As 

the microelectrode radius decreases, the ratio required for separation 

exponentially increases.  This means that there is not one ratio of 

microelectrode separation that can apply across all MEA radiuses.  For 

instance, a microelectrode of radius 5 µm has a separation ratio of 12.4 

whereas a microelectrode of radius 0.5 µm has a ratio of 16.  Once the array 

moves to nanoelectrode regimes, this ratio increases to 25.2 for a 5 nm radius 

nanoelectrode.   

10 and 9 µm diameter MEAs were chosen since the previous chapters were 

based on 10 µm diameter MEAs, and 9 µm was chosen to ensure that 

theoretically the Ed/Er ratio would be similar. 
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Figure 5.1. Graph of ratio of diffusion layer and microelectrode radius 

showing exponential increase in separation ratios as electrode diameter 

decreases.  

 

It is crucial to ensure the fabrication process produced MEAs of the desired 

microelectrode diameters and interelectrode spacings.  rGO MEAs of 

interelectrode spacings 30, 60, 80 and 120 µm were first fabricated to 

determine at which point MEA behavior would occur (Appendix B).  The data 

resulted in MEA behavior around the 60 µm range.  In order to increase the 

precision of determining the minimum pitch spacing for MEA behavior 60, 64, 

68 and 70 µm were fabricated with 9 and 10 µm microelectrode diameters.  

These dimensions were measured by SEM.   

Figure 5.2 are some images of the dimension verification process using 68 µm 

interelectrode spacing rGO MEAs with 9 and 10 µm diameter microelectrodes.  

As can be seen in the SEM images, the fabrication process produced the 

targeted dimensions of the MEAs. 
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Figure 5.2. SEM images of MEA surfaces. (a) Interelectrode distance for 9 

µm series. (b) Diameter of single 9 µm microelectrode. (c) Interelectrode 

distance for 10 µm microelectrode series. (d) Diameter of single 10 µm 

microelectrode. 

 

Guo et al. reports that the depth of the microelectrode recess can have an 

impact on the size of the diffusion hemisphere if the depth to electrode 

diameter ratio is large.  Generally, as the ratio of the recess depth to the 

electrode diameter increases, so too would the time for the diffusion 

hemisphere require to expand out of the recess into the bulk solution.14  This 

dynamic sounds favorable since it would reduce the likelihood of diffusion 

hemisphere overlap, however if the recess is too deep then as the diffusion 

layer expands, it will eventually be bound by the recess side walls.  The 

(a) (b) 

(c) (d) 
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individual microelectrodes will then start to behave as a macroelectrode 

resulting in peak-shaped voltommagrams.14   

AFM imaging showed the resist layer to be approximately 800 nm thick 

(Figure 5.3) which is also equivalent to the recess depth.  Giving  L = 0.8/10 = 

0.08.  At this low ratio, the recess depth is relatively negligible in affecting the 

diffusion hemisphere size. 

 

Figure 5.3. AFM imaging of single microelectrode hole with step height 

profile showing 800 nm thick insulating layer. 

 

5.3.2. Characterization using CV 

The advantageous properties of microelectrodes arise when the mass diffusion 

of the target analyte to the electrode is equivalent to the transfer of electrons 

from the analyte to the active layer.1  This results in a steady state current 

which registers on the CV spectra as a sigmoidal shape.  Taking cues from the 

work reported by Guo et al., the steady state current is bounded by the peak 

current and the current at the reverse scan.  Ideally, there is no depletion and 

the peak current and the reverse scan current are the same.  In their work they 



103 
 

report a criterion of no more than a 5% depletion tolerance as an acceptable 

limit for microelectrode behavior.14  In this chapter a stricter criterion of a 3% 

depletion tolerance was used.    

The other variable that affects MEA behavior is the operating scan rate.  Gou 

et al. reported that for a given interelectrode spacing, there is no true 

microelectrode behavior across all scan rates.  This is because at very long 

MEA operating times, the diffusion hemisphere can expand far into the bulk 

solution and eventually overlap with adjacent diffusion hemispheres.14  In 

order to set a reasonable upper bound on the size of a diffusion hemisphere, a 

slow scan speed of 5 mV/s was used to determine the optimal interelectrode 

spacing of an rGO MEA.  Typical CV scan rates fall in between the 20 – 40 

mV/s range and so a 5 mV/s speed to determine MEA behavior would be 

applicable to common operating regimes. 

 

5.3.2.1. Depletion of rGO Macroelectrode 

The depletion zone of a 0.25 cm2 rGO macroelectrode was investigated as a 

baseline reference for CV experiments.  Figure 5.4 shows the rGO 

macroelectrode CV spectra with a clear peak-shaped voltammogram.  As the 

voltage sweeps to values beyond the redox peak, the current drops off 

significantly.  The drop in this case was 43% of the peak current at 10 mV/s 

and 48% at 100 mV/s.  Since rGO behaves like a conventional electroactive 

layer, any MEA behavior seen can be attributed solely to the geometry of the 

fabricated array. 
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Figure 5.4. CV scan of rGO macroelectrode (0.25 cm2) with increasing scan 

rates. 

 

5.3.2.2. MEA Characterization  

An array of 30 and 60 µm interelectrode spacing rGO MEAs using 9 µm 

diameter microelectrodes was fabricated to determine the interelectrode 

spacing where an MEA geometry would shift from a macroelectrode to a 

microelectrode regime.  In previous chapters, it was found that a spacing of 60 

µm would give sigmoidally shaped CV voltammograms.  30 µm pitch spacing 

was chosen as an intermediate spacing between macroelectrode and 

microelectrode behavior.   

 As can be seen in Figure 5.5(a), at a 30 µm spacing array, the CV scans all 

contain a depletion zone regardless of the scan rate showing predominantly 

macroelectrode behavior.  Interestingly, the depletion for 30 µm interelectrode 

spacing was 33% at 10 mV/s and 20% for 100 mV/s.  This contrasts the rGO 
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macroelectrode whose depletion percentage increased with faster scan rates.  

This can be explained because at faster scan rates, the diffusion hemispheres 

are smaller in size.  Consequently the degree of diffusion hemisphere overlap 

is lessened resulting in a smaller current depletion. 

At 60 µm spacing (Figure 5.5(b)) it can be seen that at 10 mV/s there is a 

slight depletion zone of 6% current decrease.  Then at 25 mV/s the depletion 

zone reduces so that the spectra is sigmoidal in nature with a depletion current 

of 1%. 

 

Figure 5.5. Optical image with corresponding CV scan from 10 to 100 mV/s. 

(a) 30µm pitch spacing.  Scalebar is 50 µm (b) 60 µm pitch spacing.  Scalebar 

is 50 µm.  

Subsequently arrays of 60, 64, 68 and 70 µm were used to further narrow 

down the microelectrode regime for higher precision.  These interelectrode 

spacings were used because if MEA behavior occurred in a 60 µm pitch 

spacing MEA at 25 mV/s, it would stand to reason that larger pitch spacings of 

 

(a) 

(b) 
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60 µm would be required at 5 mV/s since the diffusion hemisphere will be 

larger. 

A point of interest to note is the CV spectrum of an rGO MEA are more 

sigmoidal-like at each scan rate when compared to that of G MEA in Figure 

3.5 (c).  Even though the fabrication parameters were the same for each device, 

the active material (one being graphene and the other reduced graphene oxide) 

affected the performance of the MEAs.  Peak shaped voltammograms are 

stronger in intensities for G MEAs due to the conductive properties of reduced 

graphene oxide.  

 

 

5.3.3. 9 µm diameter MEA series 

Figure 5.6 shows scan rates of 60, 64, 68 and 70 µm pitch spacings at 5 mV/s 

scan rates.  At 70 µm pitch spacing the depletion is less than 3% of the peak 

current.  According to our criteria, the device is operating in an MEA regime. 

This means that the diffusion hemispheres are sufficiently spaced apart, 

allowing the rate of the flux of the redox analyte towards the active 

microelectrodes to be high enough to replenish the reduced form of ruthenium 

hexamine at an equal rate of electron transfer. 



107 
 

 

Figure 5.6. CV scans of 5 mV/s scan rates of 9 µm diameter microelectrode 

arrays at differing interelectrode spacings. 

 

5.3.4. 10 µm diameter MEA series 

The same experiment was repeated using 10 µm diameter holes rGO MEAs. 
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Figure 5.7. CV scans of 5 mV/s scan rates of 9 µm diameter microelectrode 

arrays at differing interelectrode spacings. 

 

Figure 5.7 shows CV spectra of 5 mV/s scan rates of 60, 64, 68, 70, 74 and 78 

µm pitching.  In this case, microelectrode behavior occurred at 78 µm spacing 

(peak current dropped less than 3%) which is larger than the 70 µm spacing 

required for a 9 µm diameter MEAs.  This is to be expected as the diffusion 

hemispheres of a microelectrode is greatly dependent on the microelectrode 

diameter.  
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Figure 5.8.Column graph of percentage decrease from peak cathodic current 

for 9 µm MEA series and 10 µm MEA series. 

 

Figure 5.8 shows a column graph of the percentage depletion.  Each 

interelectrode spacing point was repeated 6 times to obtain a mean and 

standard deviation of the percentage drop of the current.  As can be seen, if 

MEA occurs when the current drop is less than 3%, the interelectrode spacing 

of an rGO MEA of 9 µm microelectrode diameter is 70 µm, giving an Ed/Er 

ratio of 15.7.  For a 10 µm microelectrode diameter, the current drop of less 

than 3% occurs at an interelectrode spacing of 78 µm which gives an Ed/Er 

ratio of 15.7.  The ratio of Ed/Er of 15.7 shows excellent agreement that 

optimal rGO MEA fabrication should be 15.7 radii to maximize signal to noise 

ratios without compromising microelectrode characteristics. 

It is noted that this ratio is specific for this device with an 800 nm thick 

resistance layer.  Investigation into the effect of the recess depth of an rGO 

MEA on MEA behavior is still required. 
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It should also be noted that the ratio may not apply at smaller diameter 

microelectrodes as theoretical formulae predict that larger ratios are required 

as microelectrodes decrease in diameter.12  Further work can be conducted to 

determine the upper and lower bounds of microelectrode size that the 

interelectrode spacing to microelectrode radius ratio can be applied too. 

 

 

5.4. Conclusion 

The optimal geometry of an rGO based MEA was probed using CV to 

determine the point at which MEA behavior occurred for devices of various 

pitch spacings.  The CV spectra of rGO MEAs with increasing interelectrode 

spacings were characterized.  Once depletion currents were less than 3%, the 

device was considered to be operating in the microelectrode regime.  It was 

found that the ideal Ed/Er ratio was 15.7 for MEAs with an Er of 9-10 µm and 

a recess depth of 800 nm. This result can be used as a guide rule for future 

rGO MEA-based devices to allow the sensor to consistently function within 

the microelectrode regime, retaining all its advantageous properties.   

Further work can be conducted to determine the upper and lower 

microelectrode radius bounds of where this ratio can be accurately applied. 
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Chapter 6. Self-Assembled Peptide Based Reduced Graphene 

Oxide Nanocomposite for Enhanced Electrochemical 

Sensing 

 

Abstract  

Electrochemical sensor design plays a pivotal role in electrode operating 

behavior.  Two critical design criteria are the size of the active layer and the 

type of active layer used in the electrode.  These two parameters affect the 

output current of a sensor and thereby its performance in detection.  As sensor 

sizes become smaller, so too do the signal currents generated in analyte 

sensing.   

This problem is addressed in this paper by the use of a non-planar porous 

electroactive network consisting of reduced graphene oxide (rGO) and N-

fluorenylmethoxycarbonyldiphenylalanine (Fmoc-FF) nanocomposite.  The 

composite of rGO/Fmoc-FF is a 3-dmensional network that increases the 

effective electroactive area resulting in an approximate 40% increase in 

cathodic current for two coatings.   

In order to form a uniform nanocomposite coating, optimization of the pH and 

Fmoc-FF concentrations were investigated.  The nanocomposite was found to 

be stable for extended periods of electrochemical testing and had a wide 

electrochemical window of 2.3 V.  The sensor was used to detect serotonin 

even in the presence of interfering dopamine and ascorbic acid molecules and 

found to have superior sensitivities to other reported rGO based devices. 
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6.1. Introduction 

The two main criteria that affect the performance of a sensor are its selectivity 

and its sensitivity.  Selectivity is related to how the sensor responds to one 

species of analyte in the presence of other interfering species.  The sensitivity 

is related to the output current and the concentration of the target species.  In 

turn, selectivity and sensitivity are affected by the type of material the active 

layer is made of, which governs chemical interaction between the species and 

the electrode.1  Sensitivity is also related to the size of the active layer 

according to the Randles-Sevcik equation.  As the functional area of the sensor 

increases, a higher peak current is detected, leading to greater sensitivities and 

lower limits of detection.2   

A prerequisite of an active layer is that it has to be conductive.  Traditionally, 

electroactive active layers have been metal based.  Recently there have been 

many reports on the synthesis and characterization of new sensor active layers 

that have shifted away from metals to conducting polymers3–5 and carbon 

based materials, such as glassy carbon,6–8 carbon nanotubes,9–11 graphene12–14 

and reduced graphene oxide (rGO).15–17  

rGO has been reported to be an excellent electroactive material for sensing.18  

Its high flexibility, biocompatibility and electrical conductivity makes it an 

excellent candidate to be a bio/chemical electroactive material.12,19 

Most sensors today are planar, whereby the electroactive surface is 2D, 

therefore if signal increase is required through increasing the size of the 

functional electroactive area; it is likely the electrode would also increase in 

size.  A larger device footprint would limit the environments that the sensor 
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can used in, for example, in micro fluidic channels or biological systems such 

as blood vessels.   

To increase signal gains without having to increase sensor size, there have 

been several physical modification routes reported.  Firstly, fabricating the 

sensor into a microelectrode array format allows for an increase in diffusion 

flux of the analyte towards the electroactive area, thereby increasing current 

gains.20,21   

Secondly, porous organic compounds have also been used to replace 

traditional 2D planar electro active areas, thereby increasing the effective 

electrode surface area using materials such as macroporous carbon.22  Lastly, 

graphene foam has been used to enhance sensing properties23 and Liu et al. 

reports a combination of cobalt oxide nanowires supported on carbon foam.24   

However a drawback of these techniques is that they require tedious 

preparation methods and/or extreme conditions.  For example, carbonizing of 

the graphene foam requires process temperatures up to 700 oC followed by 

synthesis of the cobalt nanowires and then subsequent mixing steps between 

the nanowires and the graphene foam are carried out overnight.  Once mixed, 

the solution is then drop cast onto a glassy carbon electrode.  Drop casting 

electroactive materials onto other electrodes may allow for useful investigation 

into the properties of novel electroactive materials in the lab; however it 

doesn’t scale well into mass sensor fabrication due to active layer uniformity 

issues.  This is because as a droplet dries, the suspended solid active material 

is not evenly distributed over the surface, which leads to inconsistent device 

performances. 
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To mediate the tedious preparation procedures, a candidate material that has 

garnered interest as an electroactive layer is self-assembling hydrogels.  These 

hydrogels have attracted much interest in the areas of bio-applications and 

conducting organic materials.25–32  Hydrogels are networked polymer chains 

that are cross-linked with each other.  Dissolving the precursor monomers in 

solution, the crosslinking process can be initiated by external stimuli such as 

temperature or pH changes.33–36  The precursor hydrogel molecules form a 

fibrous network throughout the solution they are dissolved in, which causes a 

significant increase in viscosity, creating a gel like substance.  This polymeric 

network forms highly cross-linked fibers resulting in a complex web-like 

morphology at the micron level.37,38 

Peptide based hydrogels are a subset of the hydrogel family and have proven 

to be a potentially important class of hydrogel for future bioapplications.  

Some advantageous characteristics of peptide-based hydrogels are low toxicity, 

biocompatibility, spontaneous self-assembly, being made of differing chemical 

groups which allow for ease of functionalization or modification, doesn’t 

require complicated synthesis methods involving harsh reaction conditions, no 

complex chemistry, and no harmful catalysts or tedious purification and 

preparation procedures.39–43 

N-fluorenylmethoxycarbonyldiphenylalanine (Fmoc-FF) is a peptide that can 

spontaneously self-assemble into a hydrogel network without the need for 

harmful chemicals.  Dissolving Fmoc-FF in an alkaline solution and then 

lowering the pH below a critical level results in a rigid and transparent 
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hydrogel.  Coupled with its biocompatibility, Fmoc-FF hydrogels have been 

used in various applications such as drug delivery, cell culturing and energy 

storage.32,44–46 

Self-assembly of the Fmoc-FF hydrogel is predominantly governed by the π-π 

interactions between the Fmoc groups (Figure 6.1) forming a chiral tube-like 

structure.  These Fmoc-FF tubes then aggregate beside each other to form long 

range fibrous networks in 3-D space.47 

Yemini et al. reported the use of Fmoc-FF on carbon screen printed electrodes 

(SPE) to enhance current output.  A drop of Fmoc-FF solution was deposited 

on the active surface of an SPE and allowed to dry, leaving large clusters of 

peptide nanotubes.  The signal enhancement was attributed to an increase in 

active surface area created by the Fmoc-FF tubes.48 

 

Figure 6.1.Molecular structure of Fmoc-FF 

 

In another work by Xing et al. GO was mixed with a similar peptide based 

hydrogel.  It was found that the mechanical, fluorescent and thermal properties 

of the hydrogel could be tailored depending on the concentration of the GO 

added.49 
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Utilizing the self-assembling nature of the Fmoc-FF molecule, the network 

formed can act as a molecular scaffold and electrical pathway for the active 

rGO flakes.  This allows for more electroactive sites per area to be exposed to 

the environment, resulting in current increases that can be realized without 

having to increase the sensor size in the 2D plane but rather being able to 

quantitatively increase the number of rGO active sites in the Z direction 

(Figure 6.2). 

 

Figure 6.2. (a) rGO layer on a substrate showing the 2D planar nature of a 

typical electrode. (b) GO/Fmoc-FF layer showing scaffold effect of the Fmoc-

FF allowing more rGO active sites to be exposed. 

 

Peptide based hydrogels can alleviate the conventional complex steps of 

synthesising 3D active layer materials, however in the cited reports the peptide 

hydrogels are still drop cast onto an electrode layer, which still leaves the 

problem of uneven active material distribution and inconsistent device 

performance.  Controlling hydrogel thicknesses has not been a concern as 

characterization of the bulk hydrogel material has been the predominant focus.  

Synthesis of new active materials that can enhance current output with 

uniform spin coating properties would allow for larger area electrode coatings 

increasing device fabrication output and higher sensitivities.  

(a) (a) (b) 
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In this chapter peptide based rGO nanocomposites (rGO NC) were 

investigated.  Fmoc-FF was chosen due to its electrochemical properties, and 

for the ease at which it forms a fiborous network. Its benzene ring chemical 

structure backbone that would allow GO sheets to bond to it via π-π stacking.  

Other advantageous characteristics of easy synthesis by adjusting the pH of the 

solution in which the peptide precursors are dissolved, uniform large area 

substrate coating and increased sensitivities were probed.  This allows for 

quantitative comparisons to normal rGO electroactive layers and allows for 

scaling of rGO NC sensor fabrication. 

An optimal pH and Fmoc-FF concentration was determined to trigger 

hydrogel formation, without creating dense clustering that would prevent 

uniform spin coating of the hydrogel layer.  With said ideal final pH in mind, 

the GO solution and initial Fmoc-FF solution were prepared in such a manner 

as to arrive at the ideal final pH and concentration upon combination.  The 

mixing of the GO and Fmoc-FF solutions then resulted in a nanocomposite 

solution that could be readily spin coated onto any surface, leaving GO flakes 

intertwined with the Fmoc-FF network. 

 

6.2. Materials and Methods 

6.2.1. Chemicals 

4 mg/ml GO solution was purchased from Graphenea Inc.  Serotonin, reagent 

grade ascorbic acid, dopamine hydrochloride and Ruthenium (III) Hexamine 

were purchased from Sigma Aldrich Co. and Fmoc-FF was purchased from 

BaChem.   



120 
 

 

 

6.2.2. Fmoc-FF rGO. 

Stock solutions of pH 11, 11.5, 12 and 12.5 were made by filling glass bottles 

with 30 ml DI water and adding NaOH until the desired pH was reached. 

The Fmoc-FF and GO composite was prepared by mixing 4 mg of Fmoc-FF 

into 1 ml of the stock DI water with varying pH in Eppendorf Tubes.  The 

solution was then vortexed for 30 minutes.  1 ml of 4mg/ml GO solution was 

added to the Fmoc-FF solution and vortexed for a further 5 minutes. 

 

6.2.3. Electrochemical Reduction 

The GO/Fmoc-FF solution was spin coated onto an ITO/PET substrate at 2000 

rpm for 30 seconds and then placed on a heater plate at 100oC for 1 minute to 

dry.  The substrate was immersed in sodium phosphate buffer saline (Na-PBS) 

at pH 4.5 with an Ag/AgCl reference electrode and platinum mesh as a counter 

electrode.  Chronoamperometry (CA) was used at a set voltage of -0.9 V for 2 

minutes. 

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) were 

carried out using a 3 probe setup.  The substrate was connected to the working 

electrode, Ag/AgCl reference electrode and platinum mesh as the counter 

electrode.  0.1 M KCl solution with 2.5 mM Ruthenium (III) Hexamine as the 

redox probe was used for CV measurements.  0.1M Na-PBS solution at pH 7.4 

was used in DPV experiments for detection of serotonin. 
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6.2.4. Atomic Force Microscopy (AFM) 

An ICON Bruker AFM was used to conduct topological characterization.  The 

respective GO NC solutions were spin coated onto ITO/PET substrates and 

electrochemically reduced after which they were imaged using tapping mode 

AFM.  Images were post processed using Gwyddion.  Step height profiles and 

roughness values were extracted using the Gwyddion program.  The RMS 

mean and standard deviation values were taken from 10 2 x 2 µm areas. 

 

6.2.5. Scanning Electron Microscopy (SEM) 

SEM imaging was conducted by spin coating the GO NC solutions onto 

ITO/PET substrates, electrochemically reduced and then imaged in a 

FEGSEM JSM 7600F environmental SEM.  A metal coating layer was not 

required as the material was conductive enough to prevent charging effects. 

 

6.3. Results and Discussion   

Conventional usage of FMOC-FF as a hydrogel involved the synthesis of 

highly networked clusters without considering the thickness of the gel.  In 

order to create a relatively planar rGO active nanocomposite material, studies 

into the gelation characteristics by pH switching were necessary.  Fmoc-FF 

molecules are ionized when dissolved in solution.  At high pH, the monomers 

do not self-assemble due to electrostatic repulsion.  As the pH is brought lower, 



122 
 

the charge is neutralized and the electrostatic repulsive forces decrease leading 

to self-assembly50  The degree of self-assembly is affected by the pH, allowing 

tuning of the properties of the GO NC layer by adjusting pH values.51 

 

6.3.1. Effect of pH   

As previously stated, it has been well documented that the Fmoc-FF gelation 

process can be triggered by pH changes.   

4 aliquots of DI water were adjusted to varied levels of alkalinity (pH 11, 11.5, 

12, and 12.5) using NaOH.  Fmoc-FF was then added to each.  It was observed 

that Fmoc-FF did not dissolve well into pH 11, partially dissolved in pH 11.5 

and only fully dissolved in at pH 12 and 12.5.  To form the GO NC, GO must 

be added and the pH of the mixture be brought low enough to start the self-

assembling process.  The 4mg/ml GO purchased had a pH of 1.8, making it an 

ideal solution to trigger self-assembly and concurrently add GO flakes to the 

solution.  After mixing the GO solution into the various Fmoc-FF solutions, 

the final pH of the solution varied and therefore affected the final morphology 

of the GO/Fmoc-FF network structure.  As the pH is lowered, more of the 

ionized Fmoc-FF monomers are neutralized favoring a greater degree of self-

assembly of the hydrogel. 

Figure 6.3 shows optical images of differing morphologies of the GO 

composite layer based upon the final pH of the solution.  Figure 6.3(a) is a 

substrate with only GO.  Figure 6.3(b) shows a solution with an initial pH of 

11 and a final pH of 3.7.  The self-assembled layer was rod-like due to Fmoc-

FF being unable to properly dissolve at pH 11.  Figure 6.3(c) shows 
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morphology derived from an initial pH of 11.5 and a final pH of 3.8.  Strong 

hydrogel assembly is present; however the layer is not uniform, as evidenced 

by the randomly distributed large clusters of peptides across the film.  These 

hydrogel clusters would vary in size from 200 to 1500 μm with thicknesses 

that was measured to be 3 to 4 μm.  The inconsistency disallowed any 

controlled comparisons of the effect of the hydrogel on sensor performance.  

Each substrate that was spin coated with the GO NC solution of pH 3.8 would 

yield vastly different active layer coatings.  Figure 6.3(d) is from an initial 

solution of pH 12 and a final pH of 11.5.  The image in Figure 6.3(d) shows 

absence of clustering.  At pH 12.5, upon mixing with the GO solution and spin 

coating, only GO flakes were seen on the substrate.  This is because the final 

pH of 12.1 was not low enough for neutralization of the Fmoc-FF molecules 

that allowed self-assembly to occur.  Tang et al. reports similar trends when 

they investigated pH changes in Fmoc-FF solutions.  They found that the 

Fmoc-FF would undergo strong hydrogelation below pH 7 and also reported a 

small population of Fmoc-FF fibrils forming at a pH 10.5.50  It should be noted 

that the GO NC solution with a final pH of 11.5 remained stable and could still 

be uniformly spin coated.  
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Figure 6.3. Optical images of (a) Spin coated GO. Scale bar is 20 µm. (b) 

Fmoc-FF forming short rod-like structures.  Scale bar is 20 µm. (c) Fmoc-FF 

island clusters. Scale bar is 200 µm. (d) Fmoc-FF forming uniform fibrous 

layer with GO flakes intermixed. Scale bar is 20 µm.  

 

SEM imaging was conducted on the various samples.  As shown in Figure 

6.4(a), the substrate was coated with GO flakes and rod-like structures of 

Fmoc-FF as opposed to the long fibrils expected in Fmoc-FF gelation.  This 

was due to the lowered Fmoc-FF concentration since the peptide did not 

dissolve very well into a solution of pH 11.  Figure 6.4(b) shows the GO flakes 

preferentially agglomerating within the island networks of the Fmoc-FF.  The 

surrounding substrates are relatively bare of GO flakes.  It is suspected that 

this is because hydrogel formation occurs by π-π stacking between Fmoc-FF 

molecules via their fluorenyl and phenyl rings.  The same mechanism allows 

the GO sheets to also π-π stack highly favoring the hydrogel clusters instead of 

the substrate.  Figure 6.4(c) shows a uniform layer of GO flakes dispersed and 

intertwined throughout the fibrous network of the Fmoc-FF self-assembled 

(a) (a) (b) 

(a) (c) (d) 
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layer.  Figure 6.4(d) shows a substrate that has been coated with only Fmoc-FF.  

This was done using a 1 ml HCl solution at pH 1.8 and mixing it with a 1 ml 

solution of Fmoc-FF dissolved in DI water at pH 12.  As can be seen, there is 

little difference in the morphology of the pH 12 self-assembled layer with or 

without GO flakes.  Triggering of the gelation process can be done 

independent of GO and shows a uniform coating is possible just by pH 

adjustment, the presence of GO does not interrupt the self-assembly process, 

opening up the possibilities of fabricating other uniform electroactive Fmoc-

FF based nanocomposites. 

 

Figure 6.4. SEM imaging of spin coated (a) pH 3.7 - GO NC showing GO 

flakes with rod-like structure Fmoc-FF. (b) pH 3.8 - showing large clusters of 

GO/Fmoc-FF clusters with surrounding areas being largely devoid of GO 

flakes. (c) pH 11.5 - GO/Fmoc-FF layer showing uniform layer of Fmoc-FF 

fibres with GO flakes intertwined within. (d) pH 11.5 - Fmoc-FF layer with no 

GO added to the mixture. 

 

(a) (b) (a) 

(c) (d) 
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AFM imaging was conducted on rGO NC and Fmoc-FF that was spincoated 

onto ITO/PET substrates.  To measure the fibril widths and height and also the 

roughness of the rGO NC layer, the surface roughness root mean square (RMS) 

can be measured by AFM.  RMS values represents the standard deviation of 

surface heights over the scanned area.  As surface heights increase so too does 

the surface roughness and RMS values, that is layers that are flat have lower 

RMS values as compared to highly porous layers that have higher RMS 

values.52  RMS measurements were used to show the morphological 

differences in the rGO NC layer and the rGO layer. 

Figure 6.5(a) shows AFM imaging of rGO NC layer with final pH 11.5 

showing Fmoc-FF fibres ranging from 10-150 nm in width.  The thickness of 

the fibrils and roughness of the area was measured to be on average 9 nm with 

a 5 nm root mean square (RMS) roughness suggesting that the fibers are flat 

ribbons.  This is consistent with other reports that detail the formation of the 

networks that are made up of 3 nm wide Fmoc-FF ribbons and organize 

themselves in a lateral fashion to create thicker ribbons.53  10 RMS values 

were taken over the substrate and the standard deviation was 0.8 nm showing 

good uniformity.  This is in contrast to the rGO NC layers with final pH 3.7 

and 3.8, where rod-like or large clustering occurred.  Selecting areas on the 

substrate that would be representative of the entire layer could not be done due 

to the inconsistent coverage of the rGO NC layer.  

Figure 6.5(b) shows Fmoc-FF with final pH 11.5 without GO flakes.  The 

thickness was 8 nm with a roughness RMS of 7.1 nm with a standard deviation 

of 0.9 nm.   
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Figure 6.5. AFM Imaging of (a) GO/Fmoc-FF.  White scale bar 4 µm. (b) 

Fmoc-FF without GO.  White scale bar 4 µm. 

 

Figure 6.6(a)-(c) shows SEM imaging and AFM imaging of a GO layer that 

has not been mixed with Fmoc-FF.  The thickness was found to be 4 nm with a 

2 nm RMS roughness and a standard deviation of 0.2 nm.  Coupled with the 

height figures of GO NC, this suggests that the nanocomposite structure has 

increased the thickness and roughness of the rGO active layer. 

(a) (b) 
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Figure 6.6. (a) SEM image of rGO layer. (b) Step height profile of rGO layer. 

(c) AFM imaging of step height of rGO layer. 

 

6.3.2. Effect of Fmoc-FF Concentration 

Knowing the ideal starting pH of 12, the effect of Fmoc-FF concentration was 

investigated.  Concentrations of 1, 3 and 4 mg/ml Fmoc-FF/ 2 mg/ml GO 

solutions were made using the same process as 2 mg/ml Fmoc-FF/GO 

solutions. 

During spin coating of the varying GO NC concentration solutions, the 

substrate had dense clustering over the surface that was not uniform for 

concentrations of 4 mg/ml and 3 mg/ml.  Figure 6.8(a)-(b) shows SEM images 

of the GO NC concentrations that were did not uniformly coat.  Large 

clustering of the hydrogel was evident.  Previous results showed that 

clustering and non-uniformity occurred at lower pH values, however in this 

case the pH values remain the same but the concentrations have increased.  

(b) 
(a) 

(c) 
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The high concentrations of Fmoc-FF causes the  intermolecular interactions to 

dominate the electrostatic repulsive forces resulting in self-assembly.54  In this 

case the self-assembly has occurred to a degree where uniform spin coating 

was not evident. 

Figure 6.8(c) showed uniform coating of the rGO NC material.  There was no 

large clustering of the hydrogel, and there was little deviation in the RMS 

values across the sample as previously mentioned.   

Figure 6.8(d) (1mg/ml Fmoc-FF concentration) showed very few hydrogel 

fibrils, that otherwise would have been expected at this pH.  The fibrils that 

could be seen were short and rod like in appearance.  This shows that pH and 

concentration of the hydrogels are interdependent.  It could be that uniform 

coating can be achieved at differing concentrations by adjusting the final pH.  

In this case since the pH value of the GO solution was fixed, 2 mg/ml Fmoc-

FF was the optimal concentration found for a final solution pH of 11.5.  Lower 

concentrations of Fmoc-FF may still allow similar hydrogel morphologies as 2 

mg/ml except the final pH may need to be adjusted to a lower point to increase 

the neutralization of the ionized molecules to begin self-assembly.  There have 

been reports in a similar vein in which salts were added to the hydrogel 

solution to lower intermolecular repulsion and begin the self-assembly without 

adjusting the pH.30,55  However more experiments are required to determine 

Fmoc-FF’s pH dependent behavior for differing concentrations that would 

allow the material to be spin coated uniformly. 
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Figure 6.8. SEM imaging of coatings with differing Fmoc-FF concentrations. 

(a) Coating using 4 mg/ml.  White scale bar is 10 µm. (b) Coating using 3 

mg/ml. White scale bar is 10 µm. (c) Coating using 2mg/ml.  White scale bar 

is 1 µm. (d) Coating using 1 mg/ml. White scale bar is 1 µm. 

 

6.3.3. Effect of Fmoc-FF Concentration 

Knowing the optimal starting pH (12) and concentration (2mg/ml) of Fmoc-FF, 

all further experiments were done using these conditions. GO NC was 

investigated to determine if it could withstand electrochemical treatment.  In 

order for the GO NC to be electroactive, the GO flakes needed to be reduced 

to recover electrical conductivity characteristics.56  Electrochemical reduction 

was chosen as the reduction method.    

The potential window of rGO NC was investigated using 0.1 M KCl solution 

with a 0.25 cm2 electrode of GO NC (Figure 6.9(a)).  The potential window 
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measured a potential range in which the active material does not oxidize or 

reduce and contribute to the signal current.  As seen, the electrochemical 

window of GO NC is from -1.1 to 1.2 V, showing that the Fmoc-FF network 

does not negatively affect the electrochemical window of rGO and has similar 

values to other reported rGO potential windows.57–59 

The stability of the rGO NC was also tested.  CV was run at a slow scan speed 

of 5 mV/s for 120 cycles for 8 hours.  As can be seen in Figure 6.9(b), the 

peak cathodic and anodic currents do not change significantly over the course 

of the scan time and the onset potential for oxidation and reduction does not 

change, showing that the rGO NC electroactive material is stable and 

possesses a large potential window. 

 

Figure 6.9. (a) Electrochemical window of rGO NC. (b) 8 Hrs of CV at 5 

mV/s of rGO NC stability testing. (c) 0.25 cm2 rGO NC electrode at differing 

scan rates. (d) Plot of current vs sqrt of scan rate showing oxidation/reduction 

is diffusion limited. 

(d) 

(b) (a) 

(c) 
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Figure 6.11(c) shows an rGO NC electrode at differing scan rates.  The 

oxidation and reduction potentials are similar to an rGO macroelectrode which 

indicates that rGO is the predominating electroactive material and any 

contribution from the Fmoc-FF is negligible.  Figure 6.9 (d) shows a plot of 

peak cathodic peak current vs the square root of the scan rate.  The linear 

regression fit has an r2 of 0.99 which shows that the process is diffusion 

limited. 

The peak cathodic current generated by rGO NC was compared to ITO, rGO 

and Fmoc-FF.  0.25 cm2 macroelectrodes were fabricated with differing 

electroactive materials.  The peak current can be predicted using the Randles-

Sevcik equation.2 

   ip = 2.69 x 105 n3/2 AD1/2Cv1/2 

where ip is the peak current, n is the number of electrons transferred in one 

reaction, A is the electrode area, D is the diffusion coefficient, C is the 

concentration of the ruthenium (III) hexamine and v is the scan rate. 

In this case n = 1, A = 0.25, D = 3.02 x 10-3, C = 2.5 x 10-6 and v = 0.01 the 

predicted peak current is 50.7 µA. 

As seen in Figure 6.10, the approximate cathodic peak current for ITO, rGO 

and Fmoc-FF is approximately 50 µA.  However for rGO NC, the peak current 

is 65 µA, an increase of approximately 25 %.  This increase in peak current is 

attributed to the rGO flakes being intermixed into the Fmoc-FF network.  The 

3-D like scaffolding nature of the self-assembled network increases the active 

sites per area of the electrode as the redox probe can diffuse into the Fmoc-FF 
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matrix.  An rGO macroelectrode with a thicker 8 nm layer was also compared 

to determine if the thickness had any impact on the signal response.  As seen, a 

thicker rGO active layer comparative to the thickness of an rGO NC layer did 

not increase the peak current.  This shows that the networked morphology of 

the rGO NC layer was responsible for the increase in cathodic current. 

 

Figure 6.10. CV comparison of peak cathodic currents with differing 

electroactive substrates of the same size. 

 

6.3.4. Effect of Multiple Coatings 

The effect of multiple coatings on electrochemical properties of the rGO NC 

was investigated.  After spin coating a layer of GO NC, it was allowed to dry 

for 3 hours before applying the next coating of GO NC.  Using this method, 

samples of one, two and three layers of GO NC were fabricated.  The samples 

were then electrochemically reduced. 
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Figure 6.11. SEM imaging of (a) One layer rGO NC (b) Two layer rGO NC 

and (c) Three layer rGO NC 

 

SEM imaging was used to image the surface morphology of the spin coated 

hydrogels.  Figure 6.11 shows a difference between one and two layers, with a 

second coating giving a thicker layer of GO over the ITO surface.  The GO 

flake outlines are now harder to resolve due to the thicker coating.  Figure 

6.11(c) shows three layers of rGO NC.  There was little difference between a 

second and third coating since application of the second coating on the 

ITO/PET was more complete, resulting in a third coating layer having minimal 

morphological effect. 

 

Figure 6.12. AFM imaging of (a) One layer rGO NC (b) Two layer rGO NC 

and (c) Three layer rGO NC. 

 

AFM imaging was performed on the multi layer GO NCs.  For two layer rGO 

NC, the RMS was 10 nm with a standard deviation of 0.9 nm, increasing by 3 

nm from a single layer of rGO NC.  The three layer rGO NC also had an RMS 
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of 10 nm with a standard deviation of 0.9 nm.  This indicates that a third 

coating may not have increased the porous properties of the active layer in any 

appreciable manner. 

 

Figure 6.13. UV-Vis comparison of rGO, one layer rGO NC, two layer rGO 

NC and three layer rGO NC. 

 

UV-Vis was used to compare the layer thickness.  The thicker the layer, the 

greater the degree of blocked visible light.  In Figure 6.13, it can be seen that 

one layer of rGO NC would block 7% of visible light at 550 nm, two layers 

Blocked 11 % and three layers blocked 15%.  An rGO layer was also 

characterized and blocked 11%. From the incremental decrease in 

transmission it can be concluded that multiple coatings of the GO NC can be 

carried out in a uniform manner.  Also it can be noted that one layer of rGO 

NC has a greater transparency than one layer of rGO even though the 
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electrochemical properties are enhanced for an rGO NC as compared to one 

layer rGO.   

 

Figure 6.14.  Peak cathodic currents of rGO, one layer rGO NC, two layer 

rGO NC and three layer rGO NC. 

 

The peak cathodic currents of the multi layer rGO NC was characterized.  

Using the same conditions as the previous CV experiment, each sample data 

point was gathered 6 times and the error bars plotted from the standard 

deviation, showing good precision.  As can be seen in Figure 6.14, there is an 

increase of 5 µA for two layer rGO NC, which is a 7 % increase from one 

layer rGO NC and a 40 %  increase when compared to an rGO layer, with no 

further increase in peak current with a third layer.  This is due to the porosity 

of the second layer increasing as compared to the first as seen in the RMS 

shifting from 7 nm for one layer to 10 nm for the second layer.  Once the third 

layer is applied there is no more change in the RMS indicating porosity has 

not increased.  This is why there is also no increase in the cathodic peak 
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current.  From this data it can be seen that there is merit to consider applying a 

second rGO NC coating to increase signal currents but a third coating would 

be unnecessary. 

 

6.3.5. Differential Pulse Voltammetry (DPV) detection of Serotonin 

Serotonin or 5-hydroxytryptamine (5-HT) is a type of neurotransmitter that 

can be found in platelets, the intestinal tract and the central nervous system.  5-

HT is manufactured in the brain and intestines and has a direct impact on 

mood, appetite, sleep, memory and sexual function.60 

Figure 6.15 shows an 0.25 cm2 rGO NC electrode detecting 5-HT using DPV.  

100 µM injections of 5-HT were introduced into a 0.1M Na-PBS solution at 

pH 7.4 with the rGO NC electrode attached to a potentiostat.  Oxidation of 5-

HT occurred at 0.32 V which is in agreement with other reports of graphene 

based 5-HT detection.61  The rGO NC displayed a sensitivity of 2.68 nA uM-1 

cm-2.  This value shows superior sensitivities to other reported rGO based 

sensors towards 5-HT detection.62–64 

The detection characteristics of rGO NC towards serotonin in the presence of 

interfering compounds were also investigated.  Dopamine (DA) and ascorbic 

acid (AA) are compounds that are usually present in the human body 

alongside serotonin.65  DA and AA was added to the solution and as seen in 

Figure 6.15, the rGO NC was able to resolve the DA/AA interfering peaks 

without affecting the serotonin peak.  The DA/AA peak occurred at 0.15 V 

and increased in peak current as the two compounds were added.  This overlap 

in oxidation peaks was first mentioned in Chapter 4, however in this case the 
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oxidation potential of serotonin was different enough for the peaks to be 

resolved and not interfere with serotonin detection.  This shows that rGO NC 

is a good candidate as an active layer in biosensor designs. 

 

Figure 6.15.  DPV spectra of Serotonin (5-HT) detection using one layer rGO 

NC with interfering dopamine (DA) and ascorbic acid (AA) compounds. 

 

6.3.6. rGO NC Microelectrode Array Configuration 

The rGO NC layer was also configured into an MEA using a reverse imprint 

method.  A poly methyl methacrylate (PMMA) layer, patterned with periodic 

microelectrode holes, was transferred onto the rGO NC/ITO/PET substrate 

(Figure 6.16(a)).  CV was used to determine if the device exhibited MEA 

characteristics using ruthenium (III) hexamine as the redox probe.  Figure 

6.16(b) shows sigmoidal CV spectra of the rGO NC device which is evidence 

of the PMMA transferred layer adhering well to the rGO NC layer and shows 

that the rGO NC is amenable to be used in an MEA platform.15  The PMMA 
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layer transfer process still requires more optimization but shows promise as a 

facile method to configure 3D active layers into an MEA format. 

 

Figure 6.16. (a) Optical image of transferred PMMA layer onto rGO NC 

substrate.  The 4 10 µm diameter microelectrode holes can be clearly seen.  (b) 

CV voltammogram of the device showing MEA characteristics. 

 

6.4. Conclusion 

A method to synthesize an rGO NC electro active material that can be applied 

uniformly across a large area with increased output current was developed.  A 

specific pH and concentration of Fmoc-FF is required in order to allow the 

nanocomposite to be spin coated as a uniform layer.  However, more research 

needs to be conducted on the interdependence of concentration and pH of the 

Fmoc-FF solution to provide optimal conditions for uniform spin coating.  The 

intermixing of the electroactive rGO flakes into the Fmoc-FF scaffold allowed 

for more active areas to be exposed to the environment providing greater 

signal currents.  Multiple coatings of rGO NC were investigated and found 

that coatings beyond a second layer did not improve the performance of the 

sensor.  However two coatings improved the current peak by 7%. 

(b) (a) 



140 
 

Serotonin was then detected using the rGO NC active layer in the presence of 

interfering compounds.  The rGO NC layer was then configured into an MEA 

format.  This work allows the increase of sensor performance by increasing the 

active areas sites without having to increase sensor size.  A method to 

uniformly coat large areas which is superior to the conventional method of 

drop casting to test new electroactive materials was shown.  The self-

assembling Fmoc-FF scaffold can also be used with other materials and is not 

limited to GO.   
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Chapter 7. Conclusion 

 

 

7.1. Summary and Outlook 

This thesis reports the patterning, manipulation and electrochemical sensing 

properties of graphene and its derivatives in a microelectrode array 

configuration.  Graphene is a material that has been characterized to have 

remarkable properties but in order to realize graphene devices, methods to 

selectively shape and place graphene in designated areas must be developed.   

In Chapter 3, a method to cut and shape single layer graphene sheets using 

nanoimprint lithography (NIL) was presented.  Utilizing NIL, graphene sheets 

that could be patterned into various size and shapes, from hexagonal rings to 5 

μm discs and sub-micron graphene ribbons was shown.  The patterned 

graphene could then be transferred onto other substrates by PMMA 

encapsulation.  A graphene microelectrode array sensor (MEA) device was 

fabricated using a novel self-aligning technique that allowed the patterning of 

a graphene layer into an MEA configuration.  The device was used to detect 

the hydrogen peroxide secreted by MCF-7 Breast cancer cells that were seeded 

at a low density of 3000 cm-2 showing the potential of NIL use in graphene 

MEA fabrication. 

In Chapter 4, further development of the MEA process was carried out by 

fabricating a flexible reduced graphene oxide biosensor.  Consisting of fully 

biocompatible materials, the sensor demonstrated performances that were 

superior in sensitivity to other reported rGO based electrodes towards 
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dopamine.  The device could be readily cleaned and integrated into a 

microfluidic system showing good potential as a biosensor platform. 

In the design and fabrication of an MEA, the greater the density of 

microelectrodes the greater the sensitivity of the device.  However there is an 

upper limit to this density before microelectrodes are spaced too closely 

together and cause diffusion hemisphere overlap.  When overlap occurs, the 

MEA device operates in a macroelectrode regime and loses advantageous 

microelectrode characteristics.  In Chapter 5 the optimum pitch spacing ratio 

of interelectrode distance to microelectrode radius was reported.  Using a 

series of rGO MEAs with varying interelectrode distances, CV was employed 

to characterize when the pitch spacing was sufficient to allow an rGO MEA to 

operate in the microelectrode array regime.  This value was found to be 15.7 

times the microelectrode radius and can be used as a guide rule for future rGO 

MEA fabrication. 

Chapter 6 explores a new composite active layer material made from a self-

assembling peptide Fmoc-FF mixed with GO.  The conditions under which the 

hydrogel could be uniformly spin coated was first investigated, adjusting pH 

and peptide concentrations so that peptide fibrils would form as a scaffold 

layer without forming large clusters within the solution that could not be 

uniformly spin coated.  The hydrogel network acted as a scaffold for the rGO 

flakes which allowed more active sites to be exposed to the environment.  This 

resulted in a 40 % increase in detected current for a two coating layer, showing 

that a sensor’s sensitivity can be increased without having to increase its 

footprint size through the use of the self-assembling hydrogel.  The rGO NC 

was then used to detect serotonin even in the presence of dopamine and 
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ascorbic acid interference.  An etch free MEA fabrication method, using a 

reverse PMMA transfer technique was then used to configure the rGO 

composite layer into an MEA format.  The rGO NC showed its promise as an 

electroactive layer that could a) Increase biosensor performance and b) Be 

readily synthesized over a large area through self-assembly.  

It is undeniable that graphene has the potential to impact a vast array of 

applications.  This dissertation shows one of these areas being the field of 

biosensing.  The healthcare industry is an ever growing field and biosensors 

play an integral part in clinical and non clinical diagnostics.  Research and 

development is constantly looking for ways to improve the portability, 

sensitivity and manufacturing expenses of these devices.  Graphene with its 

unique electrical, mechanical and biocompatible properties has spurred a large 

drive to fabricate graphene based biosensors. 

Further work still remains on how graphene based device fabrication processes 

can be scaled up.  However with graphene being researched across the globe 

in various disciplines, it will only be a matter of time before graphene-based 

devices move from the research lab to the marketplace. 
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Appendices 

 

Appendix A. XPS data of GO and rGO. 

XPS analysis was carried out on GO and rGO to elucidate the type of oxygen 

functional groups that were removed from the GO flakes during reduction. 

 

 

Figure s1. XPS spectra of GO 
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Figure s2.  XPS spectra of rGO 

 

Curve fitting was performed for both samples of the C1s spectra found in 

figures s1 and s2.  Table s1 below contains the corresponding bond types, 

binding energies and the proportions found in the GO and rGO samples. 

 

  Table s1.  XPS data of oxygen groups found in GO and rGO. 

  GO rGO 

Bond Type C-C C-O C=O C-C C-O C=O 

Binding Energy 

(eV) 

284.5 286.6 288.2 284.6 286 287.7 

Proportion (%) 42.9 52.6 4.5 70.7 19.6 9.7 
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Initially the epoxy, hydroxyl and carbonyl groups found at binding energies 

286.6 and 288.2 in GO have a deconvoluted peak intensities of  a 57.1% 

relative to the total peak intensity, however upon reduction the composition 

drops to 29.3%. The significant reduction in sp3-bonded sites due to oxygen 

groups  allows rGO to ‘regain’ electroactive characteristics.  As seen in the 

table, the hydroxyl and epoxy groups display a major reduction in peak 

intensities after reduction.  
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Appendix B. CV behaviour of 30, 60 80 andn 120 µm rGO MEA pitch 

spacing. 

Figure s3. 30 to 120 μm rGO MEA pitch spacings and corresponding CV 

spectra. 

Initial experiments (Figure 1) used 30, 60, 80 and 120 μm pitch spacings using 

the same CV setup reported. It was found that a sigmoidal spectra of 0% 

depletion was first seen at 60 um 25 mV/s scan rate.  In order to increase the 

precision of determining the minimum pitch spacing for microelectrode array 
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behavior to occur, further experiments were carried out using 60, 64, 68 and 

70 μm, which is the data set that was finally reported in the thesis. 

 

In the above CV spectra data set at pitch spacings of 80 um and above, 

sigmoidal behavior can be seen at 10 mV/s.   

 


